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Chapter 1 
Introduction 
Eur J Clin Invest 26, 1041-1050 (1996) 
(adapted and updated version) 
Introduction 
Water crosses most cell membranes by simple diffusion through the lipid bilayer. 
However, in certain cell membranes water permeability is much higher than can be 
explained by diffusion alone, indicative of channel-mediated water transport. The 
biophysical properties of these water filled pores in biological membranes have 
been studied for decades and this cumulated in an accurate description of water 
channel properties [47]. There are several parameters which provide useful infor­
mation about the presence of a facilitated water-transporting pathway. The osmot­
ic water permeability coefficient (Pf, in μιτι/s), which is defined as the net flow of 
volume across a membrane in response to a hydrostatic or osmotic driven force, 
enables us to quantify water transport in time. A Pf higher than -30 μιη/s is indica­
tive of channel-mediated water transport. The P, of a membrane containing water 
channels exceeds the diffusional water permeability (Pj), which results in a Pt7Pd 
ratio greater than unity. Another parameter is the activation energy (Е
л
, in 
kcal/mol). Generally, EA is >8 kcal/mol for water movement by a channel-indepen­
dent diffusion through the lipid bilayer and ~4 kcal/mol for water movement 
through aqueous pores. So, a membrane with a high water permeability, a Pf/Pd 
ratio larger than unity, and a low F.A is likely to contain water channels. In spite of 
this knowledge, the molecular identification of water channels took place only 
recently and was due to a serendipitous discovery. Denker et al. [37] copurified a 28 
kDa protein together with a 32 kDa Rhesus antigen from human red blood cells 
and this discovery led to the cloning of the first molecular water channel, CHIP28 
[ 139]. CHIP28 appeared to be a member of the MIP-family of intrinsic membrane 
proteins, named after the first cloned protein of this family, the major intrinsic pro­
tein (MIP) of lens fiber cells [57]. The molecular fingerprint of M IP family mem­
bers consists of two repeats, presumably the result of an ancient gene duplication 
event [132]. Each repeat is characterized by a very conserved region in which an 
NPA-box (asparagine-proline-alanine) is unchanged from bacteria to mammals 
(Fig. I). Due to this property, new family members were discovered by homology 
cloning using RT-PCR and primers corresponding to these conserved sequences 
[44,55,62,68,74,98,144]. 
It is now clear that genes coding for MIP proteins are ubiquitous in nature. All cur­
rent MIP family members derived from two divergent bacterial paralogues, one a 
glycerol facilitator, the other a water channel [ 133]. Water channels were found in 
mammals, plants, insects and bacteria [133]. For the functional characterization of 
water channels, the Xenopas oocyte expression system has played a dominant role, 
merely because the osmotic swelling test of oocytes expressing water channels is of 
appealing simplicity. cRNA encoding water channels is injected into Xcnopus 
oocytes (~1 mm diameter), which results in the synthesis of large amounts of water 
channels (Fig. 2). After three days the oocytes are placed in a hypotonic medium. If 
water channels are present in the plasma membrane, water will quickly enter and 
the swelling of the oocyte is recorded by a video-imaging system. 
For MIP family members that were proven to be water-selective, a new more 
appropriate name was chosen and since then water channels discovered in mani­
l o I CHAPTER ONfc 
OUT 
IN 
repeat 1 ! | repeat 2 
Fig. 1 Proposed topology of the aquaponns The molecule cons sts of S:X transmembrane 
segments, connected by loops A to E, with cytoplasmic amino- and carboxy termini. Indicated 
are the two repeats and the h.ghly conserved NPA boxes 
Isotonic oocyte Hyper-osmotic oocyte 
Incubate In 
hypo-osmotic medium 
Fig. 2 Schematic drawing of the injection of oocytes Xenopus oocytes are isolated by diges­
tion with collagenase A, and oocytes of stage V or VI are selected. One day after isolation, 
oocytes are injected with 1 to 20 ng of cRNA encoding AQPs Ater three days, the oocyte 
has translated the cRNA into protein and watei aermeability of the oocyte s measured г 
a standard swelling assay. The swelling assay is based on the rate of swelling in response to 
dilution of the extracellular solution 
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malian tissues have been rebaptized as aquaporins 0 through 5, in the rank order of 
their discover)' [3]. This thesis is restricted to the mammalian aquaporins, and is 
focussed on the relationship between the structural features of these aquaporins 
and their function. 
Aquaporin 0 
The major intrinsic protein (MIP) in the fiber cell membranes of the bovine lens 
was the first member of this channel family to be identified [57]. MIP constitutes 
over 60% of the membrane protein of lens fiber cells. Initially, Mil5 was thought to 
be the gap junction protein of the lens, but expression in Xenopus oocytes revealed 
that MIP does not form gap junctions like connexins [165]. Reconstituted into pla-
nar lipid bilayers, MIP functions as an ion channel [45,113], and it was suggested 
that, as a voltage gated ion channel, it could help to minimize the extracellular fluid 
in the lens and maintain lens transparency [45]. Mice with mutations in MIP suffer 
from congenital cataract, which corroborates that MIP has an important function 
in ion and water homeostasis of lens fiber cells and in maintenance of lens trans-
parency [158,159]. In this thesis it is described that MIP functions as a weak water 
channel in oocytes and MIP is now also named AQPO. 
Aquaporin 1 
The identification of CHIP28 as the first molecular water channel AQP1 initiated 
an avalanche of new information that substantially increased our understanding of 
water homeostasis of the body in general and renal water transport in particular. 
Expression of AQP1 in Xenopus oocytes dramatically increased the rate of osmotic 
swelling [140]. The selectivity of AQP1 was proven in reconstitution studies. Prote-
oliposomes containing AQP1 were highly water permeable with unchanged perme-
abilities for urea and protons [196]. One group reported glycerol permeation 
through AQP1 [1], but this observation has not been confirmed by others. Recent-
ly, Yool et al. reported a forskolin-induced cation conductance in oocytes express-
ing AQP1 [194]. However, other groups have not been able to reproduce these 
results [2,30,48,134,153,182]. 
AQP1 has been shown to be expressed in an ever increasing number of tissues. In 
kidney, it is expressed in apical and basolateral membranes of proximal tubules, the 
thin descending limb of Henle and in vasa recta. Furthermore, AQP1 is expressed 
in red blood cells, lens epithelium, corneal endothelium, ciliary body and iris, non-
fenestrated capillary endothelial cells, the apical microvilli of the choroid plexus, 
parts of the male reproductive tract, red pulp in spleen, gallbladder epithelium, and 
cholangiocytes in liver. Others also reported expression in alveolar epithelial cells 
and bronchial epithelium, colonic epithelial crypt cells, pancreatic acinar cell 
epithelium, salivary gland epithelium and the basolateral membrane of sweat 
glands, endocardium and syncytial trophoblast cells of placenta (For review, see 
[148]), and in the inner ear [164]. 
In red blood cells, AQP1 is thought to be needed to overcome the large osmotic dif-
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ferences in the hypertonic kidney medulla. In kidney, 180 liters of glomerular fil-
trate is formed each day, of which 80-90% is reabsorbed in the proximal tubule and 
the descending limb of Henle's loop, where AQP1 is expressed. Furthermore, 
AQP1 could play a role in the secretion and uptake of aqueous humor and corneal 
hydration in the eye [125,163], in the formation of cerebrospinal fluid in brain 
[125], and in secretion of bile 1125,146]. Recently, it was shown that in rat cholan-
giocytes, secretin stimulates ductal bile secretion by increasing AQP1 water chan-
nels in the plasma membrane [103]. The molecular mechanism responsible for the 
regulated membrane trafficking of AQP1 in cholangiocytes is still unknown. 
In lung, AQP1 is expressed in the peribronchial vasculature and the visceral pleura. 
This location suggests that AQP1 may play an important role in water absorption in 
the lung at birth, when the lung has to be cleared from fluids and be prepared for 
alveolar gas exchange [80]. Indeed, AQP1, together with AQP4 and AQP5, showed 
a sharp increase in expression in rat lung in the perinatal period [ 171 ]. Additional-
ly, the expression of AQP1 in rat lung is increased by corticosteroids, which are 
known to improve pulmonary functions in premature human infants, consistent 
with the possible role of AQP1 in perinatal lung water clearance [80]. 
Epithelial cells lining cysts in autosomal dominant polycystic kidney disease have 
been found to express AQP1 [164]. AQP1 may play a role in fluid secretion into 
these cysts and this is corroborated by the simultaneous presence of CFTR in apical 
membranes of these cyst cells [61]. 
Every year, many patients diagnosed with head or neck cancer receive radiation 
therapy, which often destroys salivary secreting acinar cells of salivary glands as a 
side-effect. In rats, an increased fluid secretion was observed after adenoviral-medi-
ated transfer of the AQP1 cDNA to irradiated salivary glands, suggesting that AQP1 
gene transfer may have potential as a therapeutic approach for the treatment of 
postradiation salivary hypofunction [36]. 
AQP1 gene defects 
Mutations in AQP1 leading to a non-functional water channel were expected to 
have severe clinical or even lethal consequences, since AQP1 is expressed in a wide 
variety of tissues throughout the whole body. However, when it appeared that the 
Colton blood group antigens result from an alanine-valine polymorphism at 
residue 45 in the first extracellular loop of AQP1, a world wide search was started 
for individuals who are negative for the Colton blood group antigens (Co a /b ) 
[143]. This search revealed 5 individuals, and from 3 women blood and urine sam-
ples could be collected. In these individuals, an exon deletion, a nucleotide insertion 
and a missense mutation resulted in the disruption of the protein, leading to the 
absence of AQP1. Surprisingly, however, these individuals appeared to be healthy, 
suggesting the existence of compensatory mechanisms and denying the anticipated 
vital importance of AQP1 [143]. Recent studies have revealed a slightly reduced life 
span and deformability of their erythrocytes [107], but, until now, a thorough 
assessment of renal function has not been accomplished. Furthermore, these indi-
viduals were expected to have eye problems like glaucoma, and a deficient cerebro-
spinal fluid production, but no apparent clinical manifestations were observed. 
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The existence of red cells with a specific deficiency of AQP1 protein in Colton-null 
individuals provides an opportunity to assess the contribution of AQP1 to the dif-
fusional (Pj) and osmotic (Pf) water permeabilities of red cells. In addition, the 
exact Ρ,/Pj ratio will permit calculation of the aqueous pathway through AQP1 
[47]. Low molecular weight solutes do not permeate through AQP1, indicative for 
a small pore, in which water only moves in single file. Mathai et al. [107] used red 
cells of these extremely rare Colton-null phenotype individuals and determined 
that AQP1 contributes for more than 85% to the total osmotic pathway. The 
AQP1-mediated Pf/Pd ratio turned out to be 13 and this ratio predicts the length of 
the aqueous channel within AQP1 to be 36Â, which is shorter than the estimated 
50Â width of the lipid bilayer. 
In contrast to these Colton-negative individuals, who are apparently not in need of 
a functional AQP1, CAPD patients seem to benefit from a functional AQP1, since 
the presence of AQP1 in peritoneal capillaries facilitates water efflux into the peri-
toneal dialysate 1131 ]. 
Aquaporin 2 
Soon after the cloning of AQP1, a second water channel was cloned from renal col-
lecting ducts, where AQP1 was not detected [55]. In this part of the kidney, vaso-
pressin-dependcnt reabsorption of the remaining 10-20% of the glomerular filtrate 
not reabsorbed by the proximal nephron takes place. With immunohistochemistry 
AQP2 was localized exclusively to the principal cells of the cortical and outer 
medullary collecting duct (CD) and to inner medullary CD cells [55,123]. Addi-
tionally, quantitative ELISA, RT-PCR and in situ hybridization showed that AQP2 
and the V, receptor are also highly expressed in arcades, which connect deep and 
mid-cortical nephrons to cortical collecting ducts [81]. The use of immuno-elec-
tron microscopy techniques revealed that most of AQP2 is present in small endoso-
mal vesicles in the subapical region of principal cells [123]. In the absence of argi-
nine-vasopressin, AVP, the apical membrane has a low permeability for H,0, but 
admission of AVP results in a rapid increase in P,. Wade et al. [ 183 ] originally pos-
tulated that the rapid increase in Pt occurred by a membrane shuttle mechanism. 
Binding of AVP to the Vi receptor increases cAMP which results in a fusion of 
intracellular membrane compartments with the apical membrane. Withdrawal of 
AVP results in endocytosis and restoration of a low water permeability of the apical 
membrane (Fig. 3). 
Conclusive evidence has now been provided for the shuttle hypothesis by following 
the redistribution of AQP2 after AVP admission in isolated collecting ducts in nor-
mal and in Brattleboro rats and in transfected LLC-PK1 cells [79,106,122,149,191]. 
Nielsen et al. [122] examined the role of AVP in perfused collecting ducts of rat, 
using high-resolution immuno electron microscopy. They measured the labeling 
density of AQP2 in the apical membrane and intracellular vesicles before and after 
AVP admission and confirmed the shuttle hypothesis. Others [149,191] reached 
the same conclusion from in vivo studies in Brattleboro rats, who lack vasopressin 
synthesis, and where AQP2 is only present in subapical vesicles. AVP infusion 
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Fig. 3 Distribution of AQP2, AQP3 and AQP4 in collecting duct principal cells. Vasopressin 
(AVP) binds to the V, receptor (V2R) Subsequently heterotnmeric G-proteins (Gs) mediate 
activation of adenylyl cyclase (AC), which induces the conversion of ATP into cAMP. cAMP 
activates protein kinase A (PKA), which results in phosphorylation of AQP2 in subapical vesicles 
which consequently fuse with the apical membrane Water enters the cell through AQP2 in 
the apical membrane, and leaves the cell through AQP3 and/or AQP4 in the basolateral 
membrane 
caused a marked redistribution of AQP2 to the apical membrane. In normal rats, 
the fraction of AQP2 in the plasma membrane relative to that in intracellular vesi­
cles increased 2-fold after infusion of the V2 receptor agonist l-desamino-8-D-argi-
nine vasopressin (dDAVP) and this increase was even larger when the rats were 
water-loaded for 12 h before dDAVP infusion [106]. Katsura et al. [79] transfected 
LLC-PK, cells with AQP1 or AQP2 expression constructs (tagged with a C-myc 
epitope). AQP1 transfection conferred a constitutively two-fold higher Pt to LLC-
PK, cells but the P, of AQP2 transfected cells only increased after AVP treatment. 
Forskolin treatment induced a similar redistribution of AQP2 to the plasma mem­
brane as AVP. The ultimate proof for the reversibility of AQP2 shuttling was pro­
vided by experiments in which LLC-PK, cells were treated with the protein synthe­
sis inhibitor cycloheximide. Repetitive admission and withdrawal of vasopressin 
indicated that AQP2 molecules can be recycled at least 3 times without being 
degraded in the lysosomal compartment [79]. Immunolocalization studies, howev­
er, showed that AQP2 was inserted into the basolateral membrane rather than into 
the apical membrane. This unphysiological targeting may be due to the C-myc epi-
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tope which could influence the routing of AQP2, or is inherent to AQP2 expression 
in I.LC-PK cells. Recently, Valenti et al. [172] and Deen et al. [34] reported stably 
transfected cell lines (human collecting duct cells and MDCK cells, respectively) in 
which AQP2 translocates to the apical membrane upon vasopressin stimulation, 
which reflects the normal physiological situation. 
In addition to the short term regulation by vasopressin, the urinary concentration 
ability is also regulated by a long term process. When dehydrated Brattleboro rats 
were treated for 5 days with AVP infusion, the expression level of AQP2 increased 
nearly three-fold [40]. After thirsting normal rats for 48 hours, the amount of 
AQP2 mRNA [99] and the AQP2 protein expression [40,64,123]increased several-
fold. When dehydrated rats were treated with a V2 receptor antagonist the increase 
in AQP2 expression was completely abolished, indicating that this increase is medi­
ated by the ν , receptor [64]. 
To study the effect of cAMP on the AQP2 gene, the 5' flanking region of the human 
AQP2 gene was isolated and its promoter activity was measured by a CAT assay. It 
was shown that the AQP2 promoter region contains a cAMP responsive element 
(CRE), which directed increased transcription after elevation of intracellular cAMP 
levels. This suggests that cAMP is an important regulator of AQP2 gene expression 
[170]. 
In addition to an effect of AVP on AQP2 expression and insertion into the apical 
membrane, it was investigated whether AVP regulates the water pore in AQP2 
directly by phosphorylation of the protein kinase A (PKA) consensus site Ser256. 
Kuwahara et al. [85] treated AQP2 expressing oocytes with forskolin and cAMP 
and observed a 50% increase in P, without an increase in plasma membrane expres­
sion, while a S256A mutant AQP2 could not be stimulated by cAMP. In vitro phos­
phorylation studies confirmed AQP2 phosphorylation by PKA of the S256 residue 
[85]. In contrast to this study, Lande et al. [88] were unable to find an effect of 
phosphorylation of AQP2 containing endosomes on the P
r
 of the isolated endo-
somes. They concluded that phosphorylation of AQP2 does not modify water per­
meation through AQP2 but that phosphorylation may modulate the distribution of 
AQP2 between plasma membrane and intracellular vesicle compartments. This was 
further corroborated in transfected LLC-PK, cells, where vesicles containing 
AQP2-S256A were not able to fuse with the plasma membrane, confirming that 
PKA phosphorylation of AQP2 is required for regulated exocytosis [54,78]. 
The molecular machinery needed for AVP dependent vesicle trafficking in the col­
lecting duct cell is not yet understood in detail. Vesicle associated membrane pro­
teins, VAMPs, play a role in membrane vesicle targeting in the endocytosis of 
synaptic vesicles in neuronal cells (SNARE hypothesis) [49]. It was shown that two 
VAMP homologues, VAMP-2/synaptobrevin [124,162] and cellubrevin [73], colo-
calize with AQP2 in intracellular vesicles. This strongly suggests that VAMPs are 
involved in vasopressin-regulated targeting of AQP2. In addition, the demonstra­
tion of expression of the vesicle targeting protein syntaxin-4, which binds VAMP-2 
with high affinity, in the apical membrane of collecting duct principal cells sup­
ports the view that these proteins could play a role in AQP2-vesicle targeting to the 
apical membrane [102]. Others showed that a Rab3-like protein, a protein also 
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involved in regulated exocytosis, is co-purified with AQP2 containing vesicles [93]. 
The glucose transporter from adipocytes, GLUT4, contains a dileucine internaliza-
tion sequence which is critical for endocytosis of the GLUT4 protein [24]. The Ci-
terminus of AQP2 also contains two dileucine motifs in a palindromic sequence 
which is absent in AQP1 [79]. Both GLUT4 and AQP2 are internalized in clathrin-
coated pits, indicating that a similar mechanism may be involved in internalization. 
However, recently it was shown that these dileucine motifs are not involved in 
AQP2 targeting (D. Brown, personal communication). 
AQP2 and diseases 
Congenital nephrogenic diabetes insipidus 
The exclusive localization of AQP2 in kidney medulla and its regulation by AVP 
resulted in the hypothesis that this water channel accounts for the facultative reab-
sorption of the approximately sixteen liters of pro-urine which daily reach the col-
lecting duct. The final evidence for this assumption was the detection of AQP2 gene 
mutations in patients with hereditary nephrogenic diabetes insipidus (NDI) 
[31,178]. This disease is characterized by the inability of the kidney to concentrate 
urine in response to AVP. In most patients, NDI is caused by mutations in the V, 
receptor gene, a form which is inherited as an X-linked recessive trait. In a few fam-
ilies, however, NDI shows an autosomal mode of inheritance. Mutations in the 
AQP2 gene have recently been found in such families [10,16,31,66,129,130,178] 
(Fig. 4). 
Patients with a mutation in the AQP2 gene show the same clinical phenotype as 
those with a V, receptor mutation, but can be distinguished from patients with a V2 
receptor defect by their normal extra-renal response to the V, receptor agonist 1 -
desamino-8-D-arginine vasopressin (dDAVP) [179]. The functional consequences 
of several amino acid substitutions found in patients with autosomal recessive NDI, 
have been studied in Xenopus laevis oocytes [28,178]. Expression of mutant AQPs 
did not result in an increase of Pt compared to water-injected oocytes. Further stud-
ies on the fate of these mutant aquaporins in Xenopus oocytes have shown that they 
are retarded in the endoplasmic reticulum (ER), and consequently impaired in 
their transport to the plasma membrane, in some cases combined with a lower sta-
bility of the mutant proteins [28]. 
Kanno et al. [77] studied AQP2 excretion into urine and quantified urinary AQP2 
by a radioimmunoassay. In healthy volunteers and patients with central diabetes 
insipidus, AQP2 was found to increase in response to AVP, but not in patients with 
X-linked and non-X-linked NDI. They suggested that this assay might be used for 
detection of NDI patients and their differentiation from patients with central dia-
betes insipidus. However, a high AQP2 level was detected in urine of an NDI 
patient with a non-sense V2 receptor mutation [35] and this shows that delineation 
of NDI from central diabetes insipidus will not be as simple as suggested and is cer-
tainly inferior to the performance of a dDAVP-test. Moreover, the latter procedure 
not only discriminates between central and nephrogenic diabetes insipidus, but 
also between the two genetic forms of NDI [179]. 
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Fig. 4 Proposed topology of AQP2. Missense mutations, the site of a frame shift mutation (#) 
and a mutation in the splice site (splice) found in the AQP2 gene of nephrogenic diabetes 
insipidus patients are indicated Amino acids which are conserved in at least 9 out of 
17 members of the MIP family are indicated by filled symbols. Consensus sequences for 
potential phosphorylation sites for protein kinase A (Pû) and protein kinase С (PO are 
indicated. Mutations were taken from [ 10,16,31,66,129.130,178] 
Acquired nephrogenic diabetes insipidus 
A well-known cause of acquired nephrogenic diabetes insipidus is chronic lithium 
therapy. Lithium is thought to exert this side-effect by interfering with the post-V, 
receptor pathway, although the exact mechanism of inhibition has remained 
unknown. Marples et al. [104] found a decrease in AQP2 expression in renal 
medulla of rats after chronic lithium infusion. Cessation of lithium infusion or 
dDAVP treatment for a week reversed this down-regulation only partially, consis­
tent with the clinical observation of slow recovery from lithium-induced NDI. Oth­
er polyuric states which have been associated with reduced expression of AQP2 are 
those observed during hypokalemia, after release of bilateral ureteral obstruction 
and in experimental nephrotic syndrome [4,52,105]. In addition, Takahashi et al. 
[166] found that AQP2 expression is reduced in the polyuria accompanying chron­
ic renal failure, a factor which might contribute to the urinary concentrating defect. 
Another condition in which, probably in addition to medullary wash-out, reduced 
expression of AQP2 could be involved is the initially reduced response to dDAVP, 
which is often observed in patients with central diabetes insipidus. Abnormal 
expression of AQP2 has not only been associated with polyuria, but also with 
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pathological water retention. An increase of AQP2 expression has been observed in 
kidneys of cirrhotic rats which correlated with the volume of ascites [5], in experi-
mental rat models of syndrome of inappropriate secretion of antidiuretic hormone 
(SIADH) [53], and in congestive heart failure [127,190]. Whether the increased 
expression of AQP2 is a primary event, or caused by increased levels of ADH, is yet 
unknown. 
Aquaporin 3 
The basolateral membrane of collecting duct cells exhibits a constitutive high water 
permeability, and in the search for this basolateral, AVP-independent water chan-
nel, three groups reported the cloning of a new member of the MIP family 
[44,68,98]. The new water channel was called AQP3, although Ma et al. [98] called 
it the glycerol intrinsic protein (GUP) because they failed to show any water trans-
port through GLIP. In contrast to other AQPs, AQP3 is also permeable for small 
solutes like urea and glycerol, albeit to a much smaller degree than water. AQP3 is 
present in the basolateral membrane of collecting duct principal cells [68,98], with 
almost no AQP3 present in intracellular vesicles, suggesting that this water channel 
is not regulated by membrane shuttling [42]. In thirsted rats or Brattleboro rats 
infused with AVP, a 1.5 to 3-fold increase in abundance of mRNA and protein in 
the kidney was observed [42,69,168]. In the 5' flanking region of the AQP3 gene, 
the presence of SPI and AP2 cis regulatory elements has been demonstrated, which 
have been associated with cAMP-mediated transcriptional regulation [67]. In the 
terminal IMCD of kidney, AQP3 may play a role in antidiuresis as an exit pathway 
for urea. Outside the kidney, AQP3 has been localized in the basal membrane of 
tracheal epithelial cells, in the conjunctival epithelium in eye, in the basolateral 
membrane of villus epithelial cells in the colon and in brain ependymal cells [50]. 
With an RNase protection assay AQP3 was also detected in transitional epithelium 
of urinary bladder and skin epidermis [106]. 
Defects in AQP3 may contribute to nephrogenic diabetes insipidus. The observa-
tion, however, that the basolateral membranes of the inner medullary collecting 
duct contains some AQP2 [123] and abundant AQP4 [50] suggests that an AQP3 
defect will not be as severe as mutations in AQP2. 
Aquaporin 4 
In view of the high transcellular water permeability of lung alveoli, Hasegawa et al. 
[62] assessed whether other aquaporins than AQP1 are involved. They isolated a rat 
lung cDNA encoding a novel, mercurial-insensitive water channel (MIWC), which 
was also found to be strongly expressed in brain, eye and colon. Jung et al. [74] iso-
lated an AQP4 from brain, which was identical to MIWC, except for one function-
ally important amino acid. AQP4 mRNA was demonstrated to be present in brain 
and, to a lesser extent, in eye, kidney, intestine and lung. In rat brain this fourth 
aquaporin is present in ependymal cells lining the aquaduct, glial cells forming the 
edge of cerebral cortex and brainstem, Purkinje cells of the cerebellum, in the hypo-
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thalamic area where vasopressin secretory neurons are located and in astrocytes of 
brain and spinal cord [50,51,62,74 ]. Also, expression has been reported in epithelial 
cells in stomach, intestine, ciliary body and various exocrine glands [50,176]. 
Assessment of the localization of AQP4 in kidney revealed its exclusive presence in 
basolateral membranes of collecting duct principal cells. No influence of thirsting 
on the level of AQP4 expression was found [167]. AQP4 contains a PKA consensus 
sequence in loop B, suggesting a possible regulation mechanism by phosphoryla-
tion [62,74]. The tissue-specific distribution of AQP4 suggests that AQP4 is a com-
ponent of orthogonal arrays of particles (OAPs), which are square arrays of mem-
brane-associated particles visualized by freeze-fracture electron microscopy [51 ]. 
The expression of AQP4 at certain sites of the brain raises the question what clini-
cal consequences a defect in this water channel might have. Based on its presence in 
the vasopressin secretory neurons of the hypothalamus, AQP4 has been suggested 
to be an osmoreceptor [74]. This hypothesis implicates that in case of a defect in the 
AQP4 gene, hyperosmolality will result in an inappropriate release of vasopressin 
and thus might cause some form of hereditary central diabetes insipidus. Expres-
sion of AQP4 in the ependymal lining of the aquaductal system and at the base oí 
the brain suggests that AQP4 can play an important role in the reabsorption of 
cerebro spinal fluid, implicating that the possibility of other clinical consequences, 
e.g. a disturbance of liquor drainage, needs to be considered as well. However, a 
recently developed AQP4 knock-out mouse appeared free of symptoms related to 
disturbances in central osmoregulation [100]. 
Aquaporin 5 
A fifth AQP was cloned from rat submandibular gland [144]. AQP5 expressed in 
Xenopus oocytes conferred a mercury sensitive water permeability. Northern analy-
sis showed the presence of an AQP5 transcript in submandibular and sublingual 
salivary glands, in the lacrimal gland, and in the eye, trachea and lung [144]. Based 
on amino acid identity, AQP5 is more closely related to AQP2 than to the constitu-
tively active water channels AQP I, AQP3 and AQP4. Furthermore, the cytoplasmic 
loop D of AQP5 contains a PKA consensus site, similar to the PKA consensus site in 
the C-terminus of AQP2. Like insertion of AQP2 into the apical membrane is regu-
lated by AVP, AQP5 may be regulated by the autonomic nervous system, which 
controls the production of tears and saliva [144]. 
Based on its tissue distribution, AQP5 is thought to play an important role in gen-
eration of saliva, tears and pulmonary secretion and has been postulated to be 
involved in conditions such as the Sjögren syndrome, an autoimmune disease caus-
ing lack of tear and saliva formation [144]. 
Aquaporin 6, 7, 8, 9, etc.? 
The existence of several tissues with high water permeabilities in which none of the 
known water channels are expressed, like the retinal pigmented epithelium, parot-
id, pancreas, and sweat glands, suggests the presence of yet unidentified aquapor-
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ins. Recently, 3 new aquaporins have been cloned, and they will probably not be the 
last mammalian aquaporins to be discovered. Only of one of these aquaporins, 
AQP7, the functional characteristics have been studied [70]. AQP7 is a mercury 
insensitive water channel which also transports urea and glycerol, and shows the 
closest homology to AQP3. It is predominantly found in testis, with minor expres-
sion in kidney, intestine, retina and heart [70]. 
Gene organization and chromosomal localization 
Only recently the genomic organization and localization of all 6 human aquaporins 
are fully understood. These six AQPs consist of 263 to 341 amino acids (Fig. 5), 
which are encoded by mRNAs of 1019 to 4060 bases (Fig. 6). AQP2 and AQP4 
mRNAs have been reported to be poly-adenylated at different positions and AQP4 
is thought to be transcribed from different promoters resulting in different N-ter-
minal amino acid stretches [97,170,192](Fig. 5). AQP0, AQP2 and AQP5, which 
are most similar (Fig. 5), are located on chromosome 12ql3, forming an aquaporin 
gene cluster [33,90,150] (Fig. 6). Recently, a new human MIP homolog has been 
cloned which also maps to chromosome 12, and is probably part of the aquaporin 
gene cluster. This homolog, called hKID, is expressed exclusively in kidney, it is 
upregulated in response to dehydration, and is not permeable to water, urea or 
glycerol 1101]. 
The genes for AQP1, AQP3 and AQP4 are localized on different chromosomes 
(Fig. 6). AQP1 has been assigned to chromosome 7pl4-pl5 [32]. The gene for 
AQP3 was originally localized to chromosome 7q36 [71], but this was later correct-
ed by Mulders et al. [119] and confirmed by Ishibashi et al. [72]. Localization is 
now agreed on chromosome 9pl2-p21. AQP4 was originally mapped to chromo-
some 18q22 [192], but this was later corrected to 18qll.2-12.1 [97]. 
Based on the amino acid identity between all six AQPs, it is clear that the AQPs 
originate from a common ancestor. Of the six AQPs, AQP3, which is functionally 
different from the others, has diverged most (Fig. 5) and has, in contrast to the oth-
ers, a high identity to the glycerol facilitator protein (GlpF) of E. coli. The evolu-
tionary distance of AQP3 from the others is also reflected in its genomic structure 
(Fig. 6). The genes for AQP0, AQP1, AQP2 and AQP5 are comprised of four exons, 
of which the first repeat of the molecule is encoded by exon 1, while the second 
repeat is encoded by exon 2 through 4 [90,114,137,170,192](Fig. 5). AQP4 also 
contains four exons, but, in contrast to the other aquaporins, Lu et al. reported that 
it contains an additional exon with an alternative coding initiation sequence up-
stream of exon 1, which was called exon 0 [971. Consequently, AQP4 contains two 
translation start sites, resulting in two proteins differing 22 amino acids in size [97], 
suggesting alternative transcription as a mechanism of AQP4 regulation (Fig. 5). 
Others [192] also reported transcription of AQP4 to be alternatively started from 
an upstream fifth exon, although this sequence was different from that reported by 
Lu et al. [97]. Since this divergent sequence was based on a cDNA obtained by PCR, 
which might introduce errors, this fifth exon was not found in their genomic frag-
ments, and the distance to exon 1 was not established, a PCR artifact or a ligation of 
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Fig. 5 Alignment of human aquaporin 0 through 5. The conserved NPA boxes are underlined. 
The exon boundaries (E1-E6) are indicated above the sequences for AQPO, AQP1, AQP2, AQP4 
and AQP5 and below the sequences for AQP3. For AQP4, the boundary between exon 0 and 
exon 1 is indicated. In the sequence of AQP4, the two start methionines are underlined. The 
order of AQP sequences is on basis of amino acid identity. Data were taken from [67,90,97, 
114,137,170,192]. 
a different cDNA onto that of AQP4 during the cDNA synthesis must be consid-
ered a likely explanation. 
The genomic structure of AQP3 is completely different from the others. The AQP3 
gene comprises of six exons [67] (Fig. 6). All AQP genes, except that of AQP3, have 
identical exon-intron boundaries and are spliced after a full codon triplet. 
The AQP3 gene is only spliced at a complete triplet after the first and fourth exon 
(Fig. 6). These data place AQP3 in a different evolutionary branch from other aqua-
porins [68,133]. 
Structure-function relationship of aquaporins 
Hydrophobicity plots predicted that MIP family members have six hydrophobic 
domains which can form the transmembrane regions, with intracellular amino-
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Fig. 6 Genomic structure and chromosomal localization of aquaporin 0 through 5. Exons are 
indicated by rectangles, introns by lines Within the exons the untranslated regions are solid 
and the coding sequences are shaded. Numbers within exons give the number of nucleotides 
encoding protein, while those above exons also contain the nucleotides of untranslated 
regions Numbers above the lines give the lengths of the introns. Data were taken from 
[32,33,67,90,97,114,119,137,150,170] 
and carboxy-termini. The six bilayer spanning domains are connected by 5 loops 
(loop A to F) (Fig. 1 ). The molecule consists of two repeats of three transmembrane 
domains each, that are oriented at 180" towards each other [132]. Each repeat con­
tains the conserved NPA box, in loops В (intracellular) and loop E (extracellular) 
(Fig. 1). Since AQP1 was the first discovered water channel, it is the water channel 
whose structure has been studied most intensively. AQP1 resides in the membrane 
as a homotetramer [161,180]. Nevertheless, every monomer appeared to function 
as an independent channel [75,156]. This is consistent with radiation inactivation 
studies which revealed that the functional unit of water channels in proximal 
tubules and erythrocytes is about 30 kDa, which is in agreement with the molecular 
size of AQP1 [174,175]. It was shown that only one monomer is glycosylated at an 
asparagine residue in loop A (N42) [ 161 ], although other experiments suggest that 
two out of four monomers in each membrane-associated tetramer are glycosylated 
[176,177]. The requirement for tetrameric structures is not yet understood; it may 
provide stability of the proteins in the plasma membrane. 
The hydrophobicity-based molecular structure of AQP1 of 6 transmembrane 
domains was confirmed by partial proteolysis after insertion at different sites of an 
El epitope tag sensitive to chymotrypsin, without affecting the biological activity of 
the molecule [ 142]. Water transport through AQP1 can be inhibited by binding of 
mercury to cysteine 189, located in loop E next to the NPA motif [141,197]. The 
location of the mercury-sensitive cysteine of AQP 1 in loop E, the N-glycosylation 
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site of AQPl in loop A, and the N-glycosylation sites of AQP2, -3, -4, and -5 in loop 
С [44,55,62,68,74,144] support the extracellular localization of these loops. Howev­
er, Skach et al. proposed a different topology model for AQPl at the endoplasmic 
reticulum [160].They performed experiments in oocytes in which specific translo­
cation initiation and termination events were studied by expressing AQPl truncat­
ed molecules containing a reporter of translocation, and determined the reporter 
topology by protease sensitivity. From these experiments it was concluded that 
AQP1 has a four transmembrane-spanning topology as it emerges from the ribo-
some. These surprisingly different results may suggest a potentially complex mech­
anism of AQPl biogenesis. The same authors showed that this is not a general char­
acteristic of aquaporins, since AQP4 was shown to have a 6 transmembrane 
topology at the endoplasmic reticulum [ 155]. 
When the mercury-sensitive cysteine in loop E of AQPl was replaced by a serine 
(C189S), and a cysteine was introduced at position 73 in cytoplasmic loop B, it was 
observed that water permeation became mercury-sensitive again [75]. This sug­
gested that both position 189 and position 73 are located close to the water pore, 
indicating that loops В and E are essential for water transport. Jung et al. [75] 
proposed the so-called hourglass model in which loops В and E fold back into the 
membrane and together form the water pore (Fig. 7A). Four subunits form togeth­
er a tetramer, with the six bilayer-spanning helices predicted to be located on the 
outside of the tetramer and the water pore located in the center of the tetramer 
(Fig. 7B). 
AQPl can be reconstituted into highly ordered two-dimensional (2D) crystals that 
exhibit native biological activity [186]. Structural analysis of 2D crystals revealed 
that AQPl is in the membrane in tetramers which are asymmetric with respect to 
the membrane, with four major protrusions on the inside and a large central cavity 
on the outside of the cell [185,187]. High resolution 3D maps of AQPl determined 
by electron crystallography showed that each AQPl monomer consists of six alpha 
helices, representing the transmembrane regions, which are surrounding a sub­
structure within the cylinder which is presumably formed by loops В and E 
[9,19,91]. Detailed 3D maps of AQPl can gain insight into the molecular structure 
of the water pore. Merging these structural data with the known primary sequence 
of AQPl and results from site-directed mutagenesis studies might reveal the final 
answer to the structure of the water pore. 
The topology model of AQP2 is similar to that of AQPl. AQP2 is also glycosylated, 
but at position N124 located in the third loop. Bai et al. [6] inserted an N-glycosy­
lation motif (NTS motif) into the hydrophylic loops of the non-glycosylated 
mutant of AQP2 (N124D). Only when the NTS motif was inserted in the first or 
fifth hydrophylic loop, the protein was glycosylated, which indicates that loops A, 
C, and E are extracellular. The mercury sensitive cysteine of AQP2 resides at posi­
tion 181 in loop E next to the NPA motif, as in AQPl. Introduction of a cysteine in 
loop В (A65C) of a mercury insensitive AQP2 molecule (C181A), made AQP2 mer­
cury sensitive by only 16%. Furthermore, they showed that amino acid substitu­
tions of asparagine 123 in loop С decreased water permeability and that cysteine 
residues introduced in loop С (H122C or N123C) or loop D (G154C, D155C, 
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the pore through which water transport takes place 
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channel pores. 
N156C) in a CI81A mutant induced partial mercury sensitivity, indicating that 
loop С and Ü may be closely located near the water pore. Since similar experiments 
have not been performed with AQP1, results can not be compared. Mutations in 
loop В and E of AQP2 did not alter water channel function and therefore, Bai et al. 
[6] concluded that the functional model for AQP2 may be different from the AQP1 
hourglass model, since for AQP2 loops С and D also play a critical role in water 
transport. 
AQP3 is the only mammalian water channel that is not only permeable for water, 
but also for small solutes like urea and glycerol [44,68,98]. The MIP family derived 
from two bacterial paralogues: one a water channel, the other a glycerol facilitator. 
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The evolutionary tree of the aquaporins indicate that aquaporins 1, 2, 4, and 5 orig­
inate from the aquaporin, while AQP3 has highest homolog)' with the glycerol facil­
itator [133]. Loops С and E of AQP3 are substantially longer than loops С and E of 
other aquaporins. This insertion of extra amino acids is conserved in all glycerol 
facilitator proteins, and may be related to functional differences. The water perme­
ability of AQP3 is mercury-sensitive, although no cysteine is present near the sec­
ond NPA motif like in AQP1 and AQP2. Sasaki et al. [152] showed that the cysteine 
at position 11 is the mercury sensitive site in AQP3. When a cysteine was intro­
duced at positions 212 or 213 in the E loop, mercury sensitivity was introduced. 
When the larger amino acid tryptophan was introduced at these sites, both water 
permeability and glycerol permeability were inhibited. From these site-directed 
mutagenesis studies and mercury inhibition studies, it was concluded that water 
and glycerol share the same pore. However, Echevarría et al. [43] showed that for 
water, the Arrhenius activation energy (Е
л
) was 3 kcal/mol, whereas the E
s
 for urea 
and glycerol was >12 kcal/mol. The sulfhydryl reagent pCMBS abolished the water 
permeability of AQP3, without inhibiting the glycerol permeability. In addition, 
phloretin inhibited the water permeability of AQP3, without affecting glycerol or 
urea permeability. From these results it was concluded that water does not share the 
same pathway with glycerol and urea in AQP3 [43]. 
AQP4 is the only water channel that is not sensitive to mercury inhibition, and 
introduction of a cysteine at the known mercury-sensitive site did not induce mer­
cury-sensitivity [74]. To further investigate the mercury-insensitivity of AQP4, Shi 
et al. [157] individually mutated residues 69 to 74 and 187 to 190, located next to 
the conserved NPA motifs, into a cysteine. Introduction of a cysteine at residue 70, 
71, 72, 73 and 189 conferred mercury sensitivity. The introduction of the larger 
amino acid tryptophane at the sites 72 and 188 completely abolished water perme­
ability without affecting plasma membrane expression, indicating that these 
residues are located near the water pore. When the cRNAs encoding G72W and 
A188W AQP2 proteins were co-injected with wildtype AQP4 cRNA, water perme­
ability was only slightly increased, compared to control oocytes. The authors con­
cluded from this surprising finding that AQP4 monomers are not independently 
functional as was shown for AQP1 [157]. 
Aim and outl ine of this thesis 
The original aim of this project was to study the structure-function relationship of 
CHIP28, which was later renamed AQP1. At the start of this study, the discovery of 
AQP1 took place only one year ago, and opened an exciting new field of research. 
Consequently, many groups took part in this field of research, trying to understand 
water channel function and searching for new water channel homologs. This creat­
ed an enormous advance in knowledge about these channels with their intriguingly 
simple, but important function. When aquaporins 2 through 5 were cloned, each 
with distinct tissue distributions and, in the case of AQP3, different transport char­
acteristics, the question arose how the different transport characteristics between 
aquaporins can be explained, and why we need more than one water channel 
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homolog. To be able to answer these questions, we need to know more about the 
structure-function relationship of aquaporins. In this thesis, the structure-function 
relationship of several aquaporins is studied using in vitro mutagenesis and subse­
quent expression of these proteins in Xenopus oocytes. 
In chapter 2, the water channel characteristics of the major intrinsic protein (MIP) 
of lens, which was thought to be an ion channel, are studied and compared to 
AQP1. In chapter 3, the predictions of the hourglass model that loops В and E are 
essential for water transport characteristics are studied, by exchanging loops В and 
E among three aquaporins with different transport characteristics: AQPO, AQP2 
and AQP3. Chapter 4 describes three new mutations in the AQP2 gene causing 
autosomal recessive NDI, which provide valuable information about the structure-
function relationship of AQP2. Chapter 5 describes how a study, originally started 
to solve routing problems of endoplasmic reticulum-retarded AQP2 proteins, 
unmasked an unexpected difference between the mercury-sensitive cysteine of 
AQP1 and AQP2. In chapter 6, a mutation in the C-terminus of the AQP2 gene is 
reported that causes an autosomal dominant form of NDI and experiments are 
described to address the molecular cause of dominant NDI in this patient. 
A general discussion and a summary of this thesis is given in chapters 7 and 8. 
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Summary 
The functions of major intrinsic protein (MIP) of lens are 
still unresolved; however the sequence homology with chan-
nel-forming integral membrane protein (CHIP) and other 
aquaporins suggests that MIP is a water channel. Immunolo-
calizations confirmed that Xenopus oocytes injected with 
bovine MIP cRNA express the protein and target it to the 
plasma membrane. Control oocytes or oocytes expressing 
MIP or CHIP exhibited small, equivalent membrane cur-
rents that could be reversibly increased by osmotic swelling. 
When compared with water-injected control oocytes, the 
coefficient of osmotic water permeability (Pf) of MIP oocytes 
was increased 4-5 fold with a low Arrhenius activation ener-
gy, while the Pf of CHIP oocytes increased > 30 fold. To iden-
tify structures responsible for these differences in Pf, recom-
binant MIP proteins were expressed. Analysis of MIP-CHIP 
chimeric proteins revealed that the 4 kDa cytoplasmic 
domain of MIP did not behave as a negative regulator. Indi-
vidual residues in MIP were replaced by residues conserved 
among the aquaporins, and introduction of a proline in the 
5th transmembrane domain of MIP raised the Pf by 50%. 
Thus oocytes expressing MIP failed to exhibit ion channel 
activity and consistently exhibited water transport by a facil-
itated pathway that was qualitatively similar to the aquapor-
ins but of lesser magnitude. We conclude that MIP functions 
as an aquaporin in lens but the protein may also have other 
essential functions. 
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Introduction 
Major intrinsic protein (MIP) is a 26 küa protein expressed exclusively in lens fiber 
cells where it comprises over 60% of the membrane protein. The cDN A encoding 
MIP was isolated from a bovine lens cDNA library, and hydrophobicity plots pre-
dicted that MIP is an integral membrane protein with cytoplasmic amino and car-
boxyl termini and six bilayer-spanning domains [57]. MIP reconstituted into lipo-
somes exhibits voltage dependent channels permeable to ions and small molecules 
that may be closed by Ca:+ and calmodulin [56,128,135,154]. In planar lipid bilay-
ers, MIP forms single channels of various conductances (up to 3 nano-siemens) 
and a weak selectivity for anions [45]; Nodulin-26, a homologous protein from soy 
bean root nodules was recently shown to behave similarly [ 189]. In spite of these 
studies with reconstituted MIP protein, studies of MIP in native membranes or 
expressed in oocytes have failed to confirm a physiologic function for MIP. For 
example, although MIP was initially considered to be the gap-junction protein, 
immunological, biochemical and electrophysiological studies failed to identify elec-
tric coupling of lens fiber cells via MIP [165]. 
MIP was the first identified member of an ancient family of membrane proteins 
from diverse organisms that now includes more than 20 members. Several MIP 
family members from animal and plant tissues were shown to function as water-
selective membrane channels and are now referred to as the 'aquaporins' [22]. The 
purification and cDNA cloning of the 28 kDa channel-forming integral membrane 
protein, CHIP [37,139], a MIP homolog from red cells and renal proximal tubules, 
permitted the first demonstration of a molecular water channel [ 140]. CHIP is now 
designated aquaporin-1 (AQP1), and cDNAs encoding four other aquaporins have-
subsequently been isolated from diverse mammalian tissues [55,62,68,74,144]. 
The hourglass model was recently proposed to merge structural and functional fea-
tures of the aquaporins [75]. The model describes two tandem repeats with the first 
and second half of the molecule oriented at 180° to each other, and each half con-
tains the sequence asparagine-proline-alanine (NPA) in intracellular loop В and 
extracellular loop E. In the hourglass model, it was predicted that loop В and loop E 
fold back into the membrane, forming a single water-selective pore. The striking 
sequence homology with the aquaporins suggests that MIP may also be involved in 
water movement through the lens fiber cell membranes. In this report, we investi­
gated the water transporting capacities of MIP using the Xenopus oocyte expression 
system, and water channel properties qualitatively similar to the aquaporins were 
observed. 
Materials and methods 
• Plasmici DNA mutagenesis, DNA sequencing, and in vitro RNA synthesis 
Standard molecular procedures were used [ 151 ]. The bovine MIP coding sequence 
[57] flanked 5' and 3' by Xenopus ß-globin gene untranslated sequences [165] was 
transferred into pBlucscript II KS (Stratagene) following digestion with Hind III 
and Xba I. The CHIP expression vector was constructed as described [140]. These 
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constructs served as templates for site-directed mutagenesis reactions using the 
Muta-Gene phagemid in vitro mutagenesis kit (Bio-Rad). Table I lists the mutants 
used in this study. The location of mutations within the MIP polypeptide are illus­
trated in Figure 1. 
The chimeric protein vectors CHIP-MIP-1 and MIP-CHIP-1 were constructed by 
inserting a Bam HI restriction site at Val-112 of MIP and Thr-120 of CHIP, result­
ing in the insertion of the amino acids aspartic acid and proline. МІР( 112Вяш) 
and CHIP(T120Bam) were digested with Bam HI, the 5' half of CHIP was ligated to 
the 3' half of MIP (CHIP-MIP-1), and the 5' half of MIP to the 3' half of CHIP 
(MIP-CHIP-1). The chimeric protein vectors MIP-CHIP-2 and CHIP-MIP-2 were 
constructed using the megaprimer polymerase chain reaction method [8] exchang­
ing at Arg-226 of MIP and Arg-234 of CHIP, using the following antisense primers: 
MIP-CHIP-2: 5'-GTCTGTGAGGTCACTGCTG/CGAGGGAAGAGGAGAAAG-3' 
CHIP-MIP-2: 5'-CTCAGAAACACTCTTGAGC/CGTGGGGCCAGGATGAAG-3' 
The chimeric protein, MIP-CHIP (loop A), contains the first exofacial loop (A) of 
CHIP (amino acids 34-51) in place of the first exofacial loop of MIP (amino acids 
33-43), and was constructed with an 82 base pair insertional-substitutional 
oligonucleotide primer (not shown) in a site-directed mutagenesis reaction. All 
mutations were confirmed by enzymatic nucleotide sequencing (U.S. Biochemical 
Corp.). 
Capped RNA transcripts were synthesized in vitro using T3 RNA Polymerase with 
Xba I-digested MIP, CHIP, or mutant expression vector DNA, and the RNA was 
purified as described [193]. 
Preparation of oocytes and measurement ofPf 
Female Xenopus laevis were anesthetized on ice, and stage V and VI oocytes were 
removed and prepared [96j. The day after isolation, oocytes were injected with 
either 50 nl of water or 0.5-25 ng of cRNA in 50 nl of water. Injected oocytes were 
maintained for 2-3 days at 18°C prior to osmotic swelling, membrane isolation, or 
voltage clamp experiments. Oocyte swelling was performed at 22°C following 
transfer from 200 mosM (osmin) to 70 mosM (osmoul, CHIP) or either 70 or 20 
mosM (osm
out, MIP) modified Barth's solution diluted with water. Sequential 
oocyte images were digitized at 5 sec intervals for a total of 1 minute, and the vol­
umes of the sequential images were calculated as described [141]. The change in 
relative volume with time, d(V/V
n
)/dt, was fitted by computer to a quadratic poly-
nomal, and the initial rates of swelling were calculated. The osmotic water perme­
ability (Pt, μηι/s) was calculated from osmotic swelling data between 5 and 10 s, ini­
tial oocyte volume (V0=9 χ 10 4 cm3), initial surface area (S = 0.045 cm2) and the 
molar ratio of water (V
w
 = 18 cm' / mol) [ 198] using the formula: 
Pf = [V0 χ d (V / V0) / dt] / [S χ V„ χ (osm,n-osmom)[ 
« Oocyte membrane isolation and immunoblot analysis 
Total oocyte membranes [141] and plasma membranes [184] were isolated from 
groups of 4-30 oocytes, solubilized in 1.25% (wt/vol) SDS at 60°C for 10 minutes, 
electrophoresed into 12% SDS-polyacrylamide gels [86], transferred to nitrocellu­
lose [25], incubated with a 1:10,000 dilution of anti-MIP antibody, or a 1:1,000 
dilution of anti-CHIP antibody [161], and visualized using the ECL Western blot-
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MIP constructs Wild type amino acid/codon Mutant amino acid/codon 
MIP(V112Bam) 
MIP(C14V) 
MIP(V160P) 
MIP(A181C) 
MIP(S243V/S245E) 
CHIP constructs 
CHIP(T120Bam) 
CHIP(DBIP) 
CHIP(P169A) 
Chimeric constructs 
MIP-CH1P (loop A) 
MIP-CHIP-1 
MIP-CHIP 2 
CHIP-M1P-1 
CHIP-MIP-2 
Val-112/GTC 
Cys-14/TGT 
Val-160/GTG 
Ala-181/GCA 
Ser-Glu-Ser-245/AGTgagTCC 
Wild type amino acid/codon 
Thr-120/ACT 
Asp-131/GAT 
Pro-169/CCC 
Amino acids 
М1Р(1-32)-СШР(34-. 
MIP(1-112)-CHIP(12 
l)-MIP(44-263) 
1-269) 
MIP( 1 -226)-CHIP(235-269) 
CHIP(1-120)-MIP( 113-263) 
CHIP(1-234)M1P(22 7-263) 
Val-Asp-Pro/GTggatccC 
Val-14/GTr 
Рго-160/ССА 
Cys-181/TGT 
Val Glu-Glu/GTTgagGAA 
Mutant amino acid/codon 
Thr-Asp-Pro/ACggatccT 
Pro-131/ССТ 
Ala-169/GCC 
Total amino acids 
270 
263 
261 
273 
271 
Table 1 Site-specific mutations, insertional mutations, and chimeric constructs of MIP and CHIP. 
Extracellular 
SPLICE 1 
Fig. 1 Membrane topology of MIP showing sites targeted for mutagenesis and domain 
exchanges in this study- Splice 1 is the splice site for MIP-CHIP-1 and CHIP-MIP-1, splice 2 is 
the splice site for MIP-CHIP-2 and CHIP-MIP-2. The proline introduced in CHIP at position 
Asp-131 is indicated with #. NPA motifs are indicated with asterisks. Filled symbols indicate 
amino acids that are conserved in more than half of the members of the MIP family from 
bacteria, yeast, plants and animals [145]. 
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Fig. 2A Immunofluorescence microscopy of control oocytes and oocytes expressing MIP 
Frozen sections were prepared from Xenopus oocytes injected with 50 nl of water or 50 nl of 
water containing 10 ng of MIP cRNA and probed with anti-MIP antibody (see 'Materials and 
Methods'). Note strong labeling of plasma membrane and negligible labeling of cytoplasm of 
the oocyte expressing MIP В Immunoblot of total protein (TP, equivalent of 0 2 oocytes) and 
plasma membranes (PM, equivalent of 15 oocytes) from oocytes expressing MIP. SDS-PAGE 
immunoblot was incubated with a polyclonal antibody directed against the carboxyl terminus 
of MIP. 
ting detection system (Amersham Corp.)· Molecular weights were determined rela­
tive to the mobility of prestained SDS-PAGE standards (Bio-Rad). 
• Anti-MIP antibody 
A synthetic peptide corresponding to the 15 carboxyl-terminal amino acids of 
bovine MIP (PEVTGEPVELKTQAL) [57] was coupled to keyhole limpet haemo-
cyanin. Rabbits were injected with 400 μg of conjugated synthetic peptide mixed 
with Freund's complete adjuvant. After 4 weeks, and every three weeks thereafter, 
the rabbits were boosted with 200 μg of conjugated synthetic peptide mixed with 
incomplete Freund's adjuvant. The produced anti-MIP antiserum was tested for 
specificity and cross-reactivity by an enzym-linked immunosorbent assay. 
• Immunolocalization of MIP in Xenopus oocytes 
Oocytes were frozen for immuno-fluorescence microscopy in Tissue-Тек mount­
ing medium (Miles Inc.). Sections of 5 μιτι were cut by cryostat, collected on 
gelatin-coated slides and fixed at room temperature for 5 minutes in 1% (wt/vol) 
periodate-lysine-paraformaldehyde fixative (PLP) [110]. Sections were washed 
three times with TBS (0.9% NaCl, 25 mM Tris, pH 7.4) and incubated overnight at 
4°C with anti-MIP antibody at a dilution of 1:1,000 in TBS containing 10% 
(vol/vol) goat serum. After three washes with TBS, the sections were incubated for 
1 hour at 37°C with affinity-purified fluorescein isothiocyanate-labelled goat-anti-
rabbit IgG (Sigma Immuno Chemicals) at a dilution 1:50 in TBS containing 10% 
(vol/vol) goat serum. After three more washes in TBS, the sections were embedded 
in Mounting Medium (Sigma) and analyzed by immunofluorescence microscopy. 
• Electrophysiology 
Studies were carried out as described [140] using a two-micro electrode voltage 
clamp with Clampex software. Water- and cRNA-injected oocytes were voltage-
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Fig. 3 Membrane ion conductance. Voltage clamp was used to measure currents at voltages 
from -90 mV to +50 mV of water-injected control oocytes, oocytes injected with 25 ng of 
MIP cRNA, or oocytes injected with 0.5 ng of CHIP cRNA. The currents were determined in 
200 mosM Modified Barth's Solution (MBS). The oocytes were swollen by replacing MBS with 
a hypotonic medium, and current measurements were repeated. Control oocytes were placed 
in H20, and the current was measured after 30 minutes. Oocytes expressing MIP and CHIP 
were placed in MBS diluted from 200 to 70 mosM, and currents were measured after 20 and 
30 seconds. Oocytes were shrunk back to their normal volume by replacing the hypotonic 
medium with isotonic MBS, and currents in oocytes expressing MIP and CHIP were measured 
after 8 minutes. 
clamped at a holding membrane potential of -70 mV, repolarized to -90 mV and 
depolarized to +50 mV in 20 mV step intervals. The membrane potential was 
returned to the holding potential between each step. 
Results 
Oocytes from Xenopus laevis have provided the standard system for expression of 
water channels and measurement of their functional activity by a swelling assay (see 
Materials and Methods). Expression of MIP and insertion of the protein into the 
oocyte plasma membrane was studied by immunofluorescence microscopy of 
frozen sections. Oocytes injected with MIP cRNA showed a strong anti-MIP 
¡mmunolabelling of the plasma membrane, whereas the cytoplasm showed only 
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weak immunostaining (Fig. 2A). Immunoblot analysis of isolated oocyte plasma 
membranes also showed a single strong signal at 27 kDa, confirming that MIP is 
targeted to the plasma membrane (Fig. 213) 
It was reported that MIP reconstituted into planar lipid bilayers forms channels 
with high conductance [45]. The hypothesis that MIP is an ion channel was tested 
by measuring the conductance of oocyte membranes expressing MIP with a two-
microelectrode voltage clamp. In the absence of osmotic swelling, no differences in 
conductance were measured in oocytes injected with water, MIP cRNA, or CHIP 
cRNA (Fig. 3). The oocytes were placed in a hypotonic medium, and, after being 
osmotically swollen to a similar size, membrane currents were again measured. 
Oocytes injected with water, MIP cRNA, or CHIP cRNA exhibited a similar 
increase in conductance. After replacing oocytes in isotonic buffer to cause shrink­
age to the initial volume, the conductance decreased again to the initial values, 
although the shrinking process for water-injected oocytes was too slow for analysis 
(not shown). 
Osmotic water permeability (Pf) of Xenopus oocytes was measured in hypotonic 
medium three days after injection with 50 nl of water, or 10 ng of MIP or CHIP 
cRNA. Water-injected control oocytes swelled minimally (Pf = 10 ± 3.2 pm/s). 
Oocytes injected with MIP cRNA displayed a 4-5 fold increase in water permeabili­
ty above the basal level of control oocytes (P, = 45 ± 8.2 μιτι/s). A more than 30 fold 
increase in Pf was exhibited by oocytes injected with the same amount of CHIP 
cRNA (Pf = 351 ± 43 μπι/s, Fig. 4, A and B). Although the Pf of MIP injected oocytes 
was only -15% of CHIP-injected oocytes, the MIP-injected oocytes had signifi­
cantly greater Pf than the control oocytes (p < 0.05, Fig. 4A), a difference that was 
consistently reproduced in each of 14 independent experiments. 
Water transport through aqueous channels is characterized by a low Arrhenius 
activation energy, which is equivalent to diffusion of water in bulk solution (Ε
Λ
 ~ 4 
kcal/mol), whereas diffusion of water through lipid membranes is characterized by 
a high value (EA > 10 kcal/mol) [47]. Water permeability of oocytes injected with 
25 ng MIP cRNA was measured at multiple temperatures; consistent with facilitat­
ed water transport, the activation energy was low (Е
л
= 3.9 kcal/mol ±1.4 kcal/mol, 
average of 4 experiments, Fig. 5). Indicative of diffusional water movement, the 
activation energies of water-injected oocytes were measured in two experiments 
(EA= 10 and 18 kcal/mol). 
Domains of MIP and CHIP that might be of importance for the specific functional 
characteristics of the two proteins were exchanged, and the functional conse­
quences were measured (Table 1, Fig. 1). The M IP-CHIP (loop A) chimera repre­
sents a MIP molecule with residues 33-43 in loop A replaced by the residues 34-51 
from the loop A of CHIP. The MIP-CHIP-1 and CHIP-MIP-1 chimeras contain 
the amino-terminal half of one molecule and the carboxyl-terminal half of the oth­
er spliced at a site in loop С where the tandem repeats are normally joined. The 
MIP-CHIP-2 and CHIP-MIP-2 chimeras are spliced at a site in the carboxyl-termi­
nal cytoplasmic domains of the molecules. When membranes of oocytes expressing 
each of these constructs were analyzed by immunoblot, polypeptides of the antici­
pated size were identified, and the levels of expression were comparable with 
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Fig. 4A Increased osmotic water permeability of Xenopus oocytes expressing MIP and CHIP. 
Oocytes were injected with water or 10 ng of in vitro transcribed cRNA encoding MIP or CHIP. 
After 72 hours, P(s were determined by videomicroscopic measurement of the rate of swelling 
after transfer to hypotonic medium. Shown are the means ± SD for 8 oocytes. В Time-
dependent osmotic swelling of oocytes injected with water or 10 ng of cRNA encoding MIP 
or CHIP. Shown are the means from 5 traces ± SE. 
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Fig. 5 Arrhenius activât.on energy (EA) of osmotc wate- permeab-fties of control oocytes and 
oocytes expressing ΜΙΡ The E was determ ned by measuring the P. at 10, 20, and 30°C. 
Control oocytes were injected wth water and ΜIΡ oocytes were injected with 25 ng of MIP 
cRNA In this experiment, each point represents 7-10 control oocytes or 11-15 MIP oocytes 
oocytes expressing native MIP and CHIP proteins (not shown). 
Unlike all of the known aquaporins, MIP does not contain a potential N-glycosyla-
tion site in either loop A or loop C, and no glycosylation of MIP was detected when 
the polypeptide was expressed in oocytes (Fig. 2B). The MIP-CHIP (loop A) con­
struct contains the CHIP glycosylation site at residue asparagine 42 in loop A. 
Despite the presence of a potential glycosylation site, oocytes expressing this con­
struct still did not exhibit an increase in Pf, and immunoblots revealed a 27-kDa 
polypeptide but not higher molecular mass bands, indicating that N-glycosylation 
had still not occurred (not shown). 
Oocytes expressing MIP-CHIP-1 and CHIP-MIP-1 chimeras did not exhibit a sig­
nificant increase in Pt above water-injected controls, suggesting that these chimeric 
proteins cannot form functional water channels. Oocytes expressing MIP-CH1P-2 
also exhibited P,-s similar to control oocytes. In contrast, oocytes expressing CHIP-
MIP-2 were found to have Pfs similar to oocytes expressing wild-type CHIP (Fig. 6), 
indicating that the carboxyl-terminal cytoplasmic domain of MIP does not inter­
fere with the water-transporting domains of CHIP. 
Unlike CHIP, the increase in water permeability induced by MIP expression is not 
blocked by HgCl2. A putative mercury-sensitive cysteine residue was introduced 
into MIP at position 181 which conforms to the mercury-sensitive cysteine 189 in 
CHIP, but the substitution MIP(A181C) did not confer mercury-sensitivity to MIP 
(Fig. 7). The cysteine at position 14 in the amino-terminal domain of MIP was 
replaced by a valine, since other aquaporins do not contain a cysteine at this 
position, but the P, of С14V mutant MIP was not different from wild-type MIP 
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Fig. 6 Osmotic water permeability of oocytes expressing chimeric MIP-CHIP proteins P, was 
determined from oocytes injected with water or 10 ng cRNA encoding MIP, CHIP, or the 
indicated MIP-CHIP chimeric proteins Shown are the means ± SD of 5 oocytes * p<0 05 
compared to water-injected control oocytes 
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Fig. 7 Osmotic water permeability and Hg2* inhibition of oocytes expressing CHIP, MIP, or 
MIP(A181C) Oocytes were injected with 1 ng of CHIPcRNA or 10 ng of MIPcRNAor 10 ng of 
MIP(A181C)cRNA. Pf was determined without pretreatment (open bars) or after 5 minutes in 
buffer containing 3 mM HgCI2, followed by swelling in the presence of HgCI2 (solid bars) 
Shown are the means ± SD of 5 oocytes 
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Fig. 8 Osmotic water permeability of oocytes expressing MIP and CHIP mutants. 
A Oocytes were injected with water or 25 ng of cRNA encoding MIP, MIP(C 14V), MIPÍV160P), 
V1IP(S243V, S245E), or 5 ng of cRNA encoding CHIP, CHIP(D131P), or CHIP(P169A) The P, 
was measured three days after injection. Shown are the means ± SD * p<0 05 compared with 
water-injected oocytes, ** p<0 05 compared with wild-type MIP В Immunoblot comparison 
of total protein (TP, equivalent of 0 2 oocytes) or plasma membranes (PM, equivalent of 
20 oocytes) from oocytes expressing MIP or the indicated MIP mutants SDS-PAGE immunoblot 
was incubated with a polyclonal antibody specific for the carboxyl terminus of MIP 
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Fig. 9 Time-dependent osmotic swelling of oocytes expressing MIP. Three days after injection 
of 25 ng of MIP cRNA, oocytes were transferred to 20 mosM Modified Barth's Solution, and 
swelling was recorded until the oocyte burst (x) Shown are the means from 7 traces ± SE. 
(Fig. 8A). MIP contains a proline in the second extracellular loop (residue 123 in 
loop C), a site where other members of the MIP family do not contain this residue. 
Introducing a proline at this position in CHIP (D131P) also did not change the Pf 
(Fig. 8A). 
All known aquaporins except AQP4 contain a proline in the 5th transmembrane 
segment; no proline exists in the 5th transmembrane domain of MIP. When a pro-
line was introduced in MIP (V160P), the substitution reproducibly enhanced the Pf 
by 50 ± 20% relative to the Pf of oocytes expressing wild-type MIP (Fig. 8A). 
Notably, the amount of MIP protein expressed in oocytes was not different after 
injection of equal amounts of MIP cRNA and MIP(V160P) cRNA (Fig. 8B). 
Although not large, this increase in Pf was confirmed in each of 5 different experi-
ments. A 'gain of function' mutation suggests that the Pf of MIP can be increased by 
introducing subtle conformational changes in the molecule. Nevertheless, replac-
ing the proline in CHIP at this position (P169A) to the corresponding residue of 
MIP had no measurable influence on the Pf of CHIP (Fig. 8A). 
These results show that MIP exhibits a low Pf value which can be increased by intro-
ducing subtle changes in the molecule. One explanation may be that MIP needs to 
undergo an activation or structural rearrangement to function as a water channel, 
whereas CHIP is constitutively in the activated state. Two sites in the carboxyl-ter-
minal cytoplasmic domain of MIP are phosphorylated in vivo [87]. Since these sites 
are not conserved in other members of the MIP family, the sites may play a role in 
regulation of MIP function. Mutation of the two putative phosphorylation sites 
to the corresponding residues in CHIP (S243V, S245E) slightly decreased the Pf 
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Fig. 10 Evolutionary tree of MIP and the mammalian aquaponns. The percentage of amino 
acid identity between MIP and the 5 mammalian aquaponns is indicated. 
(Fig. 8A), but the amount of protein expressed was comparably reduced as com-
pared with wild-type MIP by immunoblot (Fig 8B). The possibility of stretch-acti-
vation was also considered, but if it exists, it was not reproduced by simple increase 
in volume, since the rate of osmotic swelling did not increase with time (Fig. 9). 
Thus, if an activation step confers CHIP-level water permeability on MIP, the iden-
tity of this step remains unknown. 
Discussion 
Even though the cDNA encoding MIP was cloned more than a decade ago [57], the 
physiological roles of the protein are still not understood. Detailed studies of the 
homologous proteins MIP [45], Nodulin-26 [189], and preliminary studies with 
CHIP (J. Hall and P. Agre, unpublished) revealed large voltage-dependent conduc-
tances when reconstituted into planar lipid bilayers. Nevertheless, the magnitude of 
the currents in bilayers containing MIP was far above the conductances measured 
in normal lens [ 108,109]. Therefore, while the planar lipid bilayer studies are high-
ly reproducible, their relevance to normal lens physiology remains uncertain. 
Moreover, the studies reported here (Fig. 3) and preliminary studies of other inves-
tigators [84] failed to confirm ion conductance by MIP expressed in oocytes. 
Soon after the discovery that CHIP is a molecular water channel [140], several labs 
evaluated MIP and other homologous proteins for osmotic water permeability. 
One group reported that MIP is not a water channel [181], but apparently these 
investigators used the same techniques with which they failed to detect osmotic 
water permeability of AQP3 [98], a protein found by two other groups to exhibit 
42 I cHAPTtu rwo 
high Pf comparable with the other aquaporins 144,68]. The studies reported here 
document that oocytes expressing MIP exhibit osmotic water permeabilities 4-5 
fold above control oocytes (Fig. 4) with activation energies identical to the aqua-
porins (Fig. 5). These observations are supported by preliminary studies of other 
investigators who also found an increase in Pf in oocytes expressing frog MIP [84] 
or bovine MIP [18]. MIP may contribute to the maintenance of lens transparency 
by enhancing uptake of intercellular water by adjacent lens fiber cells. The narrow 
geographic separation of lens fiber cells (which contain MIP) and lens epithelial 
cells (which contain CHIP) suggests functional cooperativity. Osmotic gradients 
provide the driving force for aquaporin-mediated water transport in kidney and 
most other tissues [125]. It is likely that hydrostatic forces move water through 
CHIP in endothelium of the proximal capillary bed [125], and a related process 
may occur for MIP when the lens shape is rapidly altered by contraction of muscles 
in the ciliary body to provide fine focus of the corneal image upon the retina. 
A molecular explanation for why MIP is a weaker water transporter than the other 
aquaporins was sought, since the amino acid sequences of MIP and the aquaporins 
are strikingly similar [139,145](Fig. 10). MIP was expressed well in oocytes and was 
targeted to the plasma membrane (Fig. 2). Neither the phosphorylation sites nor 
the other residues in the carboxyl-terminal cytoplasmic domain of MIP appeared 
to function as restraints (Figs. 6 and 8), and several different residues and domains 
from CHIP were spliced into MIP without increasing the P,- (Figs. 6-8). Despite 
introduction of an N-glycosylation site, MIP-CHIP (loop A) was still not glycosy-
lated, and introduction of the potential mercurial inhibition site in MIP (A181C) 
failed to confer sensitivity (Fig. 7). Likewise, when a cysteine was introduced into 
the mercury-insensitive AQP4, the recombinant protein also failed to demonstrate 
mercury-inhibitable Pt [74], implying that MIP and AQP4 are structurally different 
from CHIP near the extracellular side of the aqueous pore. Nevertheless, substitu-
tion of proline in the 5th bilayer-spanning domain yielded a 50 % increase in Pf 
(Fig. 8). This intriguing gain of function suggests that simple alterations in the 
bilayer-spanning domains can alter the conformation of MIP to more closely 
resemble CHIP. No loss of function was detected in the corresponding substitution 
(P169A) in CHIP; however, a small decrease in a high Pf should be more difficult to 
measure than a comparable increase in a low value. An alternative explanation may 
be that MIP requires a specific membrane organization, such as formation of 
orthogonal arrays, or a particular membrane environment which may be poorly 
reproduced in the oocyte expression system. For example, oocytes do not have 
plasma membranes with wavy junctions similar to lens fiber cells [195], and if this 
is important to the function of MIP, the water permeability studies may yield spu-
riously low values in oocytes. 
Similar to other bilayer-spanning proteins, MIP may have multiple physiological 
functions, and it is possible that the primary role of MIP is not water transport. The 
red cell band 3 protein is the membrane anion exchanger (AE1 ), a cytosolic regula-
tor of glycolytic enzyme activity, and the structurally important attachment site for 
ankyrin on the membrane [95]. MIP may also have a structural function, since the 
protein has been shown to enhance adhesion with membranes containing negative-
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ly charged phospholipids [ 111 ]. Also, it is known that some proteins are expressed 
in lens where their function is unrelated to their functions in other tissues (e.g., 
crystalline) [26,136]. Thus the extremely high expression of MIP in lens may be far 
above the level needed for water permeability, since the abundance may be needed 
for an unrelated function. 
A mutation has been identified in mice that may provide insight into other poten-
tial functions of MIP, since these mice develop cataracts prior to birth [115]. The 
Cat mouse mutation results in lower abundance of MIP mRNA with the major 
transcript being truncated, and MIP was not detectable in lens by immunocyto-
chemistry [159]. The mutation is expressed as a dominant trait and has been 
mapped to the distal end of chromosome 10 [115], coincident with the MIP locus 
[58]. Mutations in genes encoding structural proteins usually produce dominantly 
inherited disorders, whereas mutations in transporters such as the CFTR are reces-
sively inherited. Consistent with this, mutations in the AQP2 gene were recently 
identified in homozygotes and a compound heterozygote with severe nephrogenic 
diabetes insipidus, while the heterozygous relatives were unaffected [31,178]. Care-
ful histological analysis of the early stages of disease in the Cat mouse may provide 
clues to the critical function of MIP, which is the first defect leading to the develop-
ment of cataracts in this animal model. 
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Aquaporins are transmembrane proteins which contain six 
bilayer spanning domains, connected by loops A through E. 
Loops В and E contain a conserved stretch of amino acids, 
called the NPA box. The hourglass model, the functional 
model for aquaporin 1, predicts that the intracellular loop В 
and extracellular loop E are essential for the formation of the 
water pore. To test the importance of loops В and E in the 
determination of the transport characteristics, we exchanged 
loops В and/or E between AQPO, AQP2, and AQP3. Detailed 
functional, immunoblot and immunocytochemical analyses 
of expression in Xenopus oocytes revealed that 6 out of the 9 
chimeric aquaporin proteins were not functional, because 
the exchange of loops caused misrouting of these proteins. 
AQPO with loop E of AQP2 was not impaired in its routing 
and yielded a water permeability (Pf) equal to wild-type (wt) 
AQPO. AQP2 with loop В of AQPO was also routed normally 
and gave a Pf similar to wt AQP2. AQPO with loops В and E of 
AQP2 (AQP0-2BE) did not yield an increase in Pf and was 
partly misrouted, but expression in the plasma membrane 
was clearly detectable. Since some mutant AQP2 proteins in 
nephrogenic diabetes insipidus conferred water permeability 
to oocytes, although they were hardly detectable in plasma 
membranes, AQP0-2BE expressing oocytes should yield an 
increase in Pf, when loops В and E of AQP2 would confer 
AQP2 water permeability to AQPO. We conclude that the 
water permeability of the aquaporin, in which loops В or E or 
both are exchanged for the corresponding loops of another 
aquaporin, is not influenced by these loops. Therefore, loops 
В and E might form the water pore, but other parts of the 
protein determine the characteristics of the channel. 
CHAPTER THREE 
Introduction 
Molecular water channels, or aquaporins, are a subset of the MIP family of trans­
membrane channel proteins. Family members are predicted to contain 6 trans­
membrane regions, connected by loops A through E (Fig. 1). Each molecule con­
sists of two halves that are oriented 180° towards each other [145]. In the first 
intracellular loop (loop B) and the third extracellular loop (loop E), a conserved 
stretch of amino acids, the so-called NPA box is located. Until recently, 5 mam­
malian water channels have been cloned (AQP1 through 5) [44,55,62,68,74,98,139, 
144]. The prototype of the family, the major intrinsic protein of the lens (MIP), 
which was discovered and cloned in 1984, appeared to be a weak water channel and 
is now also called AQPO [117]. 
The topology and structure of AQP1, the first discovered water channel, has been 
the subject of many studies, and the 6 transmembrane topology model was con­
vincingly confirmed [142]. The water flow through AQP1 can be blocked by mer­
cury which binds to cysteine 189, located in loop E close to the second NPA box 
[141]. Substitution of larger amino acids for the mercury-sensitive cysteine resulted 
in a decreased water transport, indicating that this cysteine is located close to the 
water pore. Introduction of a cysteine near the first NPA box in a mercury insensi­
tive mutant (A73C/C189S) restored mercury sensitivity. This observation was an 
important indication that led to a functional model for AQP1, called the hourglass 
model. This model implicates that loops В and E fold back into the membrane and 
form together the water pore [75]. 
AQP2 was demonstrated to have the same transmembrane topology as AQP1 [6]. 
Mutations in the gene coding for AQP2 have been shown to cause autosomal reces­
sive nephrogenic diabetes insipidus (NDI). Results of functional studies with the 
encoded mutant AQP2 proteins found in NDI are in support of the hourglass mod­
el: mutations in the В and E loop resulted in misrouted water channels that were 
non-functional, whereas mutations in loop С and in the beginning of loop D also 
resulted in misrouted, but functional water channels [28,31,116,178]. 
Most aquaporins are selective for water, but some, in particular AQP3, also trans­
port small solutes like urea and glycerol [68]. All current MIP family proteins are 
thought to derive from two divergent bacterial paralogues, one a glycerol facilitator, 
the other an aquaporin [133|. In contrast to the other aquaporins, AQP3 derived 
from a glycerol facilitator rather than an aquaporin. As a consequence of the larger 
evolutionary distance, AQP3 contains structural features that are different from the 
other aquaporins, in particular elongated С and E loops, which might be critical for 
transport of small solutes. 
To gain more insight in the structure-function relationship of the aquaporins, we 
decided to test the predictions of the hourglass model by exchanging loops В and E 
among water channels with different characteristics: 1) AQPO, which is a weak, but 
water-selective channel; 2) AQP2, which is selective for water, and closely related to 
AQPO; and 3) AQP3, which transports water as well as urea and glycerol. 
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Fig. 1 General topology model of the aquaponns. The Introduced restriction sites at the 
beginning and end of loops В and E, and the conserved NPA boxes in loops В and E, are 
Indicated. 
Construct 
AQPO BspEI 
AQPO BssHIl 
AQPO Agel (1) 
AQPO A^el (2) 
Wild-type amino acid/codon 
Ser-Gly-64/agtgga 
l.eu-Arg-Ala-86/cttcgtgcc 
Thr-Gly-180/actggt 
Gly-Pro-Val-209/ggcccggtc 
Mutant amino acid/codon 
Ser-Gly-64/TCCgga 
Leu-Arg-Ala-86/ctGcgCgcc 
Thr-Gly-180/acCggt 
Gly-Pro-Val-209/ggAccggtc 
AQP2 BspEI 
AQP2 BssHIl 
AQP2AgeI(l) 
AQP2 Agel (2) 
Ser-Gly-64/agcggg 
Leu-Arg-Ala-86/ctccgagcc 
Thr-Gly-180/accggc 
Gly-Pro-Leu-209/ggacccctg 
Ser-Gly-64/TCcggA 
Leu-Arg-Ala-86/ctGcgCgcc 
Thr-Gly-180/accggT 
Gly Pro Val-209/ggaccGGtg 
AQP3 BspEI 
AQP3 BssHIl 
AQP3Agd(l) 
AQP3 Agel (2) 
Ser-Gly-66/tctgga 
Ile-Lys-Leu-88/atcaagctg 
Ser-Gly-198/tctggc 
Pro IIe-Val-235/cccatcgtc 
Ser-Gly-66/tcCgga 
Uu-Arg-Ala-88/TtGCGCGCg 
Thr-Gly-198/AcCggT 
Gly-Pro-Val-235/GGACCGgtc 
Table 1 List of mutations that were introduced in AQPO, AQP2 and AQP3 to create the 
restriction sites. The nucleotide changes are depicted in upper case letters, the resulting 
ammo acid substitutions are printed bold. The resulting restriction sites are underlined. 
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Materials and methods 
• Introduction of the restriction sites 
To be able to exchange loops В and E between bovine AQPO in the pXBGevI 
expression vector [117], human AQP2 in the pT7Ts expression vector [31], and rat 
AQP3 (kindly donated by M. Echevarría, Sevilla, Spain) in the pT7Ts expression 
vector, unique restriction sites were introduced at the beginning and end of loops В 
and E using the Altered sites II in vitro mutagenesis kit (Promega, Madison, WI). In 
all three constructs, a BspEl site was introduced at the beginning of loop B, a BssHII 
site was introduced at the end of loop B, and Agel sites were introduced at the 
beginning and end of loop E (Fig. 1 ). The resulting sequences are listed in Table I. 
First, in every construct only two restriction sites were introduced (the BspEl and 
BssHII sites, or both Agel sites). Then constructs containing all four introduced 
restriction sites were generated by ligating two halves of the cDNA containing two 
introduced restriction sites each, onto eachother. The clones that were identical to 
the wild-type cDNAs except for the transitions needed to create the restriction sites, 
were selected by sequence analysis [63]. 
• Construction of AQPO with loops В and/or E from AQP2, AQP2 with loops В and/or 
E of AQPO and AQP2 with loops В and/or E ofAQP3 
From the above-mentioned constructs the loops В of AQPO, AQP2, and AQP3 
(each 65 bp) were isolated by low-melting point agarose gel electrophoresis after 
digestion with BspEl and BssHII. Loops E from AQPO (86 bp), AQP2 (86 bp) and 
AQP3 (110 bp) were acquired by the same technique, after digestion with Agel. 
Next, these fragments were cloned into the corresponding sites of the AQPO or 
AQP2 constructs, in which the BspEI and BssHII, or both Agel sites had been intro­
duced. 
AQPO containing both loop В and loop E from AQP2 was constructed by ligating a 
500 bp Bgñl-Kpnl fragment containing the first halve of AQPO and loop В of AQP2 
onto the second halve of AQPO containing loop E of AQP2. The AQP2 constructs 
with both loops of AQPO or AQP3 were created by ligation of ВашНІ fragments of 
500 bp of the second halve of AQP2 containing loop E of AQPO or AQP3 into the 
AQP2 construct containing loop В of AQPO or AQP3, respectively, from which 
these BamHl fragments had been removed. Clones with proper orientation of 
inserts and proper reading frames were selected by endonuclease digestion and 
sequence analysis. 
» Transcription 
Constructs were linearized with Sal I (pT7Ts) or Xbal (pXBGevI) and in vitro tran­
scribed using T7 RNA polymerase (pT7Ts) or T3 RNA polymerase (pXBGevI), 
according to Promega's (1991) Protocols and Principles guide, except that nucleo­
side triphosphates and 7-methyl-diguanosine triphosphate were used at a final con­
centration of 1 mM. The cRNAs were purified and dissolved in DEPC-treated 
milliQ water. The integrity of the cRNA was checked by agarose gel electrophoresis 
and the concentration was determined spectrophotometrically. 
• Water permeability 
Stage V and VI oocytes of Xenopus laeviswere isolated and injected with water or 10 
4 9 | STRUCTURE ANO F U N C T I O N OF AQUAPORINS IN H E A L T H AND DISEASE 
ng of cRNA. After incubation for three days in modified Barth's solution at 18°C, 
oocytes were analyzed in a swelling assay as described previously [31]. Oocyte 
swelling was performed at 22°C following transfer from 200 mosM to 70 mosM, or 
from 200 mosM to 20 mosM. 
л
 Isolation of oocyte lysates and membranes 
To determine the stability and size of the aquaporins, 8 oocytes were homogenized 
in 160 μΐ homogenization buffer A (HbA: 20 mM Tris (pH 7.4), 5 mM MgCl2, 5 
mM NaH,P04, 80 m M sucrose, 1 mM EDTA, 1 mM OTT, 1 mM PMSF, 5μ^ηι1 
leupeptin and pepstatin) at 4°C at 3 days after injection. Subsequently, the lysates 
were centrifugea twice for 10 min at 125 g to remove yolk proteins. At the same 
day, plasma membranes were isolated from 25 oocytes according to Wall and Patel 
[184]. 
Immunoblotting 
Lysates or plasma membranes equivalent to 0.1 oocyte or 8 oocytes, respectively, 
were denatured for 30 min at 37°C in sample buffer (2% (wt/vol) SDS, 50 mM Tris 
(pH 6.8), 12% (vol/vol) glycerol, 0.01% (wt/vol) Coomassie Brilliant Blue, 100 mM 
DTT), electrophoresed through a 12% SDS-polyacrylamide gel [86] and trans­
ferred to nitrocellulose (Schleicher & Schuell, Dassel, Germany) as described previ­
ously [31 ]. Efficiency of protein transfer was checked by reversible staining of the 
nitrocellulose membrane with Ponceau Red. For immunodetection of AQP2, the 
nitrocellulose membrane was incubated with a 1:10,000 dilution of affinity-puri­
fied rabbit polyclonal antibodies directed against the 15 C-terminal amino acids of 
rat AQP2 [28]. For AQP0, a 1:10,000 dilution of affinity-purified rabbit polyclonal 
antibodies directed against the 15 C-terminal amino acids of bovine AQP0 [117] 
was used. As a secondary antibody, a 1:5,000 dilution of affinity-purified anti-rab­
bit IgG conjugated to horse radish peroxidase (Sigma, St. Louis, MO) was used. 
Proteins were visualized using enhanced chemiluminescence (Boehringer 
Mannheim, Germany). 
Immunocytochemistry 
At 3 days after injection, oocytes were stripped from remaining vitelline mem­
branes and were incubated for 1 h in 1% wt/vol paraformaldehyde fixative (PLP) 
[110], dehydrated and embedded in paraffin. After blocking with 10% (vol/vol) 
goat serum in Tris-buffered saline (TBS), sections of oocytes expressing AQP2 pro­
teins were incubated O/N at 4°C with affinity-purified polyclonal AQP2 antibodies 
diluted 1:500 in 10% (vol/vol) goat serum in TBS. Sections of oocytes expressing 
AQP0 proteins were incubated with a 1:500 dilution of affinity-purified polyclonal 
AQP0 antibodies in 10% (vol/vol) goat serum in TBS. After three washes for 10 min 
in TBS, the sections were incubated for 1 h in a 1:100 dilution of anti-rabbit IgG 
coupled to fluorescein isothiocyanate (FITC) (Sigma). The sections were again 
washed three times for 10 min, dehydrated by washing in 70-100% (vol/vol) ethanol 
and mounted in mowiol 4-88, 2.5% (wt/vol) NaN,. Photographs were taken on 
Kodak EPH P1600X films with a Zeiss Axioskop microscope equipped with epifluo-
rescent illumination. 
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Fig. 2 Osmotic water permeability (P. in μπι/s) of oocytes. Oocytes were injected with water, 
or 10 ng of cRNA encoding wt AQP0. AQP2 or AQP3, or 10 ng of cRNA encoding these 
constructs after the 4 restriction sites had been introduced Shown are means±SE. 
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Fig. 3 Osmotic water permeability (P.) of oocytes. Oocytes were injected with water, or 
10 ng of cRNA encoding wt AQP0, wt AQP2, wt AQP3. AQP0 with loops В and E of AQP2 
(AQP0-2BE), AQP2 with loops В and E of AQP0 (AQP2-0BE), or AQP2 with loops В and E 
of AQP3 (AQP2-3BE) Shown are means±SE. 
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Fig. 4 Immunoblot analysis of lysates (A) and plasma membranes (B) of oocytes expressing 
AQPO. Oocytes were injected with water (c) or 10 ng of cRNA encoding wt AQPO or AQPO 
with loops В and E of AQP2 (AQP0-2BE). Equivalents of 0.1 oocyte (lysates) or 8 oocytes 
(membranes) were separated by SDS-PAGE and immunoblotted Proteins were visualized by 
chemiluminescence using AQPO antibodies 
kDa 
45 — 
31 — 
2 0 -
WT 
m 
AQP2 
0ВЕ 3BE 
3S = 
с kDa 
45 — 
31 — 
20 — 
WT 
« 
AQP2 
QBE 3BE С 
A В 
Fig. 5 Immunoblot analysis of lysates (A) and plasma membranes (B) of oocytes expressing 
AQP2 Oocytes were injected with water (c) or 10 ng of cRNA encoding wt AQP2, AQP2 with 
loops В and E of AQPO (AQP2-0BE), or AQP2 with loops В and E of AQP3 (AQP2-3BE). 
Equivalents of 0.1 oocyte (lysates) or 8 oocytes (membranes) were separated by SDS-PAGE and 
immunoblotted. Proteins were visualized by chemiluminescence using AQP2 antibodies. 
Results 
To be able to exchange loops В and E between bovine AQPO, human AQP2 and rat 
AQP3, four restriction sites were introduced in each cDNA using in vitro muta­
genesis. At the start and the end of loop В a £5pEI and a 5ssHII site were intro-
duced, respectively, and in loop E, two Agel sites were introduced (Fig. 1 and 
Table 1). For AQPO, introduction of these restriction sites did not introduce 
changes at the protein level. For AQP2, a valine was substituted for a leucine at 
position 209. For AQP3, introduction of the restriction sites resulted in 6 amino 
acid substitutions (Ile86Leu, Lys87Arg, Leu88Ala, Serl97Thr, Pro233Gly, 
Ile234Pro) (Table 1). To test whether these amino acid substitutions affected func-
tion of the protein, these constructs were transcribed and obtained cRNAs were 
injected into Xenopus oocytes. Three days after injection, water permeability mea-
surements revealed that wild-type (wt) AQPO and AQPO containing the restriction 
sites did not differ in function, as expected, and also wt AQP2 and AQP2-L209V 
yielded similar water permeabilities. However, AQP3 with the 6 amino acid substi-
tutions was no longer functional (Fig. 2). 
Based on these results, we decided to make the following constructs: 
1. AQPO with loops В and E of AQP2 (AQP0-2BE), AQPO with loop В of AQP2 
(AQP0-2B), AQPO with loop E of AQP2 (AQP0-2E) 
2. AQP2 with loops В and E of AQPO (AQP2-0BE), AQP2 with loop В of AQPO 
(AQP2-0B), AQP2 with loop F. of AQPO (AQP2-0E) 
3. AQP2 with loops В and E of AQP3 (AQP2-3BE), AQP2 with loop В of AQP3 
(AQP2-3B), AQP2 with loop E of AQP3 (AQP2-3E) 
First, cRNAs from constructs in which both loops В and E had been replaced 
(AQP0-2BE, AQP2-0BE, AQP2-3BE) were injected into Xenopus oocytes. Swelling 
tests revealed that the water permeability of these oocytes was not increased above 
water-injected oocytes (Fig. 3). The absence of swelling of these oocytes is either 
due to the absence of the protein, or the presence of a non-functional, or misrout-
ed protein. To investigate these possibilities, lysates and plasma membranes of 
these oocytes were prepared and subjected to immunoblotting. Lanes loaded with 
lysates of oocytes injected with cRNA coding for wt AQPO or AQP0-2BE showed a 
26 kDa band of similar intensity, indicating that both proteins are expressed in 
comparable amounts (Fig. 4A). The lane loaded with oocyte lysate of AQP0-2BE, 
however, showed an additional band at 45-50 kDa, which might represent aggre­
gated AQPO proteins. No signal was obtained in the lane loaded with a lysate of 
water-injected oocytes. Immunoblotting of plasma membranes isolated from these 
oocytes revealed that the expression of AQP0-2BE at the plasma membrane was less 
compared to wt AQPO (Fig. 4B). Lysates of oocytes injected with cRNA encoding 
AQP2-0BE or AQP2-3BE both showed, beisdes the native AQP2 protein of 29 kDa, 
an additional band of-32 kDa (Fig. 5A). This additional band has also been detect­
ed in NDI-related AQP2 mutants, and has been shown to represent a glycosylated 
form of AQP2 that is retarded in the endoplasmic reticulum (ER) [28]. Therefore, 
this finding indicates that these proteins are impaired in their routing to the plasma 
membrane. The bands representing AQP2-3BF. run slightly higher, because loop E 
5 3 I STRUCTURE AND F U N C T I O N OK AQUAPORINS IN H E A L T H AND DISEASE 
WT AQPO. WT AQP2 
AQP0-2BE AQP2-0BE 
AQP0-2E AQP2-0E 
5 4 I CHAPTER THREE 
AQP2-3BE 
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Fig. 6 Sections of oocytes. Oocytes were injected with cRNA 
encoding AQPO or AQP2 proteins. AQPO or AQP2 proteins 
were visualized with polyclonal AQPO or AQP2 antibodies, 
respectively, and anti-rabbit IgG conjugated with FITC 
Shown are wt AQPO, AQPO with loops В and E of AQP2 
(AQP0-2BE), AQPO with loop В of AQP2 (AQP0-2B), AQPO 
with loop E of AQP2 (AQP0-2E), wt AQP2, AQP2 with loops 
В and E of AQPO (AQP2-0BE), AQP2 with loop В of AQPO 
(AQP2-0B), AQP2 with loop E of AQPO (AQP2-0E), AQP2 with 
loops В and E of AQP3 (AQP2-3BE), AQP2 with loop В of 
AQP3 (AQP2-3B), and AQP2 with loop E of AQP3 (AQP2-3E). 
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Fig. 7 Osmotic water permeability (P.) of oocytes Oocytes were injected with water, or 10 ng 
of cRNA encod ng wt AQPO, wt AQP2, wt AQP3, or AQPO with loop В of AQP2 (AQP0-2B), 
AQPO with loop E of AQP2 (AQP0-2E), AQP2 with loop В of AQPO (AQP2-0B), AQP2 with loop 
E of AQPO (AQP2-0E), AQP2 with loop В of AQP3 (AQP2-3B), AQP2 with loop E of AQP2 
(AQP2-3E) Shown are means±SE 
of AQP3 is eight amino acids longer than loop E of AQPO or AQP2. Immunoblots 
of plasma membranes of these oocytes showed that AQP2-0BE or AQP2-3BE were 
not detectable in a plasma membrane fraction (Fig. 5B), which confirms the rout­
ing problem of these proteins. In sections of oocytes (Fig. 6) expressing wt AQPO or 
wt AQP2, a clear, intense staining of the plasma membrane was observed. Oocytes 
expressing AQP0-2BE showed a diffuse cytoplasmic staining, with some staining of 
the plasma membrane. In sections of oocytes expressing AQP2-0BE or AQP2-3BE 
the proteins were distributed diffusely over the cytoplasm, and no plasma mem­
brane staining could be detected. Water-injected oocytes did not yield any signal 
upon incubation with AQPO or AQP2 antibodies (not shown). 
Additionally, cRNAs of constructs in which only one loop had been replaced were 
injected into Xenopus oocytes. Swelling tests (Fig. 7) revealed that oocytes injected 
with cRNA encoding AQP0-2B did not give any increase in P,, whereas oocytes 
expressing AQP0-2E revealed the same water permeability as oocytes expressing 
wild-type AQPO. Oocytes injected with cRNA encoding AQP2-0B had the same 
water permeability as oocytes expressing wt AQP2, but oocytes injected with cRNA 
encoding AQP2-0E did not show an increased water permeability. The water per­
meability of oocytes expressing AQP2-3B or AQP2-3E was not increased above 
water permeability of water-injected oocytes (Fig. 7). 
To investigate the expression level and routing of these proteins, lysates and plasma 
membranes were prepared three days after injection, and were subjected to 
immunoblotting. Lanes loaded with lysates of oocytes expressing wt AQPO, AQP0-
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Fig. 8 Immunoblot analysis of lysates (A) and plasma membranes (B) of oocytes expressing 
AQPO proteins Oocytes were injected with water (c), or cRNA encoding wt AQPO, AQPO with 
loop В of AQP2 (AQP0-2B) or AQPO with loop E of AQP2 (AQP0-2E). Equivalents of 0.1 oocyte 
(lysates) or 8 oocytes (membranes) were separated by SDS-PAGE and immunoblotted. Proteins 
were visualized by chemiluminescence using AQPO antibodies 
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Fig. 9 Immunoblot analysis of lysates (A) and plasma membranes (B) of oocytes expressing 
AQP2 proteins. Oocytes were injected with water (c), or cRNA encoding wt AQP2, AQP2 with 
loop В of AQPO (AQP2-0B), AQP2 with loop E of AQPO (AQP2-0E), AQP2 with loop В of AQP3 
(AQP2-3B), or AQP2 with loop E of AQP3 (AQP2-3E). Equivalents of 0.1 oocyte (lysates) or 
8 oocytes (membranes) were separated by SDS-PAGE and immunoblotted Proteins were 
visualized by chemiluminescence using AQP2 antibodies. 
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2B, or AQP0-2E showed a 26 kDa band, of comparable intensities (Fig. 8A). Again, 
no signal was obtained in lysates of control oocytes. In the fractions enriched for 
plasma membranes, wt AQPO and AQP0-2E showed a similar expression, whereas 
AQP0-2B could hardly be detected (Fig. 8B). Immunoblots of lysates of oocytes 
expressing AQP2 proteins showed a 29 kDa band present in all lanes, representing 
the size of the native AQP2 protein (Fig. 9A). However, in lanes loaded with 
oocytes expressing AQP2-0E, AQP2-3B, or AQP2-3E, an additional band of -32 
kDa was present, representing the ER-retarded form of AQP2. In lysates of oocytes 
expressing AQP2-0B no ER-retarded band was present. The bands representing 
AQP2-3B were slightly, and AQP2-3E clearly less intense than that of wt AQP2, 
which indicates that these proteins are less stable than wt AQP2 (Fig. 9A). 
Immunoblotting of the plasma membrane fraction revealed only a signal in the 
lanes loaded with samples from oocytes expressing wt AQP2 or AQP2-0B (Fig. 9B). 
Sections of oocytes injected with wt AQPO or wt AQP2 showed an intense staining 
of the plasma membrane (Fig. 6). A similar staining was observed in oocytes 
expressing AQP0-2E or AQP2-0B. Sections of oocytes expressing AQP0-2B, AQP2-
OE, AQP2-3B or AQP2-3E all showed a diffuse staining of the cytoplasm, without 
staining of the plasma membrane. 
Discussion 
Since the discovery of the first water channel, AQP1, the structure-function rela­
tionship of AQP1 has been an important issue in aquaporin research. Mutagenesis 
experiments led to a functional model called the hourglass model, which proposes 
that loops В and E are of critical importance for the formation of the water pore 
[75]. We, therefore, undertook a study in which loops В and E of three aquaporins 
with different features were exchanged, and assessed the effects on aquaporin func­
tion. 
To be able to exchange loops В and E between AQPO, AQP2 and AQP3, restriction 
sites were introduced at the start and end of loops В and E with primers designed to 
introduce the least number of amino acid substitutions (Fig. 1). These mutations 
caused no change of amino acids for AQPO, whereas in AQP2 only a conserved 
amino acid substitution (Leu209Val) was introduced (Table 1). Therefore, it was 
not surprising that these 'mutants' resulted in wild-type water permeability. In 
AQP3, which is at a greater evolutionary distance from the other aquaporins and is 
consequently less homologous to AQPO and AQP2, six amino acid changes were 
introduced of which four were conserved. Therefore, it is likely that the switch of 
the Pro to Gly and lie to Pro at the second Age\ site caused the inability of mutant 
AQP3 to confer water permeability (Fig. 2). 
When loops В and E of AQP2 were introduced into AQPO (AQP0-2BE), loops В 
and E of AQPO into AQP2 (AQP2-0BE), or loops В and E of AQP3 into AQP2 
(AQP2-3BE), no increase in water permeability (Pt) was observed upon expression 
in Xenopns oocytes (Fig. 3). For AQP2-0BE and AQP2-3BE this is explained by 
misrouting of these proteins, because immunoblots showed that these proteins 
were retarded in the ER, and were consequently not expressed in the plasma mem-
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brane. These results were confirmed by immunocytochemistry, since the distribu­
tion was similar to ER-retarded AQP2 proteins encoded in NDI [28,116] (Fig. 6). 
For AQP0-2BE, no ER-retarded band was present in the lane loaded with oocyte 
lysates expressing this protein. The band of 32 kDa which is detected with misrout-
ed AQP2 proteins is a high mannose glycosylation form of AQP2 which is generat­
ed in the ER. For high mannose glycosylation, an N-glycosylation site is essentia]. 
With immunoblotting, ER-retarded AQPO proteins can not be discriminated from 
native AQPO molecules, because AQPO does not contain an N-glycosylation site. 
Immunoblots of plasma membrane fractions showed, however, that AQP0-2BE 
was only expressed at low levels at the plasma membrane (Fig. 5B). Sections of 
oocytes expressing AQP0-2BE confirmed that a major fraction of the protein was 
present in the cytoplasm (Fig. 6). In a previous study, we have shown that very low 
plasma membrane expression levels of misrouted, but functional AQP2 mutant 
proteins in NDI, conferred water permeability to oocytes [116]. With immunocy­
tochemistry, these mutants were detected at low levels in the plasma membrane, 
but they could not be detected with immunoblot analysis of plasma membrane 
fractions. The low level of plasma membrane expression of AQP0-2BE, which 
could also be detected by immunoblotting of the plasma membrane fraction, 
should therefore be sufficient to increase water permeability if loops В and E of 
AQP2 would confer high AQP2 water transport to AQPO. The absence of water 
transport therefore precludes that loops В and E of AQP2 confer a high water per­
meability to AQPO. However, it does not rule out the possibility that AQP0-2BE 
functions as wt AQPO, because the water permeability of AQPO is much lower than 
thatofAQP2. 
Oocytes expressing aquaporins with one loop of another aquaporin, revealed four 
mutant proteins that did not confer water permeability (AQP0-2B, AQP2-0E, 
AQP2-3B, AQP2-3E). Immunoblotting revealed that the AQP2 proteins showed an 
ER-retarded form, and that all these proteins were not detected in a plasma mem­
brane fraction (Figs. 8, 9). Furthermore, immunocytochemistry on these oocytes 
revealed the typical distribution of ER-retarded aquaporins [28,116]. The impaired 
transport of these mutant proteins to the plasma membrane does not allow us to 
draw conclusions with respect to the functionality of these chimeric proteins. 
In two cases, AQP0-2E and AQP2-0B, the water permeability was significantly 
increased above control oocytes, and was comparable to the Pt obtained for the cor­
responding wt aquaporins. Immunoblotting and sections of oocytes showed that 
these proteins were properly routed to the plasma membrane. The finding that 
AQP2-0B functions like AQP2 (high Pt) and AQP0-2E functions like AQPO (low Pf) 
shows that introduction of loop В of AQPO does not lower the P( of AQP2, and that 
loop E of AQP2 does not increase the water permeability of AQPO. Since we are 
dealing here with the two loops which supposedly form the water pore, the most 
simple conclusion is that, although loops В and E form the pore, other parts of the 
protein determine the water permeability features. These other parts of the protein 
do presumably not include the C-tail, because exchanging the tail of AQP1 for that 
of AQPO revealed an AQP1 phenotype [117]. More likely, the arrangement of the 
transmembrane domains are important, because substitution of a proline for a 
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valine in the 5th transmembrane domain of AQPO (V160P) increased the water 
permeability of AQPO by 50% [ 117 ]. 
An altogether different view could be that not loops В and E, but other parts of the 
protein form the water pore. This has been suggested by Bai et al. [6], who pro­
posed a functional model for AQP2 that differs substantially from the hourglass 
model. They showed that participation of loops В and E in the formation of the 
water pore is not as critical for AQP2 as predicted in the hourglass model for AQP1, 
because insertional mutations in the very conserved loops В and E did not alter 
water channel function. Instead, these authors state that loops С and D have a sig­
nificant contribution to the formation of the water pore. In contrast to the model 
proposed by Bai et al. we have shown that results of NDl-related AQP2 mutant pro­
teins are in support with the hourglass model, since amino acid substitutions in 
loops В and E abolished water channel function completely, whereas mutations in 
the С and D loop resulted in functional but misrouted water channels [28,31,116, 
178]. Furthermore, we have shown that AQP2-C181S, which played an important 
role in the functional model for AQP2, is severely disturbed in its routing to the 
plasma membrane [118]. 
In conclusion, our exchange experiments mostly resulted in chimeric proteins that 
were impaired in their routing to the plasma membrane, from which no conclu­
sions concerning functionality can be obtained. It rather shows that even the high­
ly conserved loops В and E are not sole entities, but that these loops have aquapor-
in-specific interactions with other parts of the protein in the maturation process. 
The three chimeric proteins that were expressed at the plasma membrane, AQP0-
2E, AQP2-0B, and AQP0-2BE, revealed the striking finding that neither one nor 
both loops influenced the water permeability of the aquaporin in which it was 
inserted, which indicates that, if the pore is formed by loops В and E, other parts of 
AQPO and AQP2 determine the extent of water permeability. 
Both site-directed mutagenesis and the exchange of loops have been shown to be 
very useful to solve unanswered questions about the structure-function relation­
ship of ion channels [17,83]. For aquaporins, site directed mutagenesis has been 
frequently applied and yielded important information, but we have shown now 
that the exchange of complete loops seems to be less successful due to improper 
folding and consequent misrouting of the chimeric proteins. 
In the near future, we can expect more definite insights into the structure of aqua­
porin 1 from a different approach. Projection maps of AQP1 determined by elec­
tron crystallography show that the AQP1 monomer can be interpreted as a cylinder 
consisting of six alpha helices, representing the six transmembrane domains 
[91,112,188]. Within this cylinder, a trapezoidal substructure is located which is 
probably formed by the hydrophobic loops В and E [9,19,91 ], confirming the hour­
glass theory that loops В and E fold back into the membrane. Merging functional 
data from mutant aquaporins with high resolution 3D maps can lead to a detailed 
structure-function model which will solve the yet unproven value of the hourglass 
model. 
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Summary 
Nephrogenic diabetes insipidus (NDI) is characterized by the 
inability of the kidney to concentrate urine in response to 
vasopressin. The autosomal recessive form of NDI is caused 
by mutations in the AQP2 gene, encoding the vasopressin-
regulated water channel of the kidney collecting duct. In this 
report we present three new mutations in the AQP2 gene 
that cause NDI, resulting in A147T-, T126M- or N68S-sub-
stituted AQP2 proteins. Expression of the A147T and T126M 
mutant AQP2 proteins in Xenopus oocytes revealed a rela-
tively small, but significant increase in water permeability, 
whereas the water permeability of N68S expressing oocytes 
was not increased. cRNAs encoding missense and wild-type 
AQP2 were equally stable in oocytes. Immunoblots of oocyte 
lysates showed that only the A147T mutant protein was less 
stable than wild-type AQP2. The mutant AQP2 proteins 
showed, in addition to the wild-type 29 kDa band, an endo-
plasmic reticulum-retarded form of AQP2 of -32 kDa. 
Immunoblotting and immunocytochemistry demonstrated 
only intense labeling of the plasma membranes of oocytes 
expressing wild-type AQP2. In summary, two mutant AQP2 
proteins encoded in NDI are functional water channels. 
Therefore, the major cause underlying autosomal recessive 
NDI is the misrouting of AQP2 mutant proteins. 
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Introduction 
Aquaporins are selective water channels and form a subset of the MIP family of 
intrinsic membrane proteins. In the kidney, four aquaporins (AQP 1 through 4) 
[44,55,68,74,98,140] have been identified and are postulated to be involved in reab-
sorption and concentration of the glomerular filtrate. AQP1 is constitutively 
expressed in the proximal tubule and descending limb of Henle, and is localized to 
apical and basolateral membranes [126]. AQP2 is the vasopressin-regulated water 
channel of principal cells of the collecting duct [55]. In the absence of vasopressin, 
AQP2 is localized in vesicles in the subapical region of the cell. Upon binding of 
vasopressin to its V, receptor, AQP2 water channels are inserted into the apical 
membrane, conferring a high water permeability to this membrane. Upon removal 
of vasopressin, the channels are retrieved by endocytosis [79,106,122,149,191]. 
AQP3 and AQP4 are localized to the basolateral membrane of principal cells of the 
collecting duct, and are suggested to function as an exit pathway for water [50]. 
So far, only AQP2 has been shown to be involved in diseases. Individuals who lack 
functional AQP1 do not exhibit clinical symptoms, which raised questions about 
the physiological significance of AQP 1 [143]. Mutations in AQP3 and AQP4 have 
not been identified so far. Mutations in the AQP2 gene, however, have been shown 
to be the cause of the autosomal recessive form of nephrogenic diabetes insipidus 
(NDI), a severe disease that is characterized by the inability of the kidney to con­
centrate urine in response to vasopressin [31,178]. In the majority of patients, NDI 
is caused by a mutation in the V, receptor gene, and is inherited as a X-linked reces­
sive trait. In approximately 10% of the families, NDI has shown a non-X-linked 
pattern of inheritance. So far, a one-nucleotide deletion and three mutations cod­
ing for missense mutations in AQP2 have been reported as a cause of NDI in some 
of these families [31,178]. Upon expression in Xetwpus oocytes, the missense AQP2 
proteins with a G64R, R187C, or S216P substitution were unable to increase the 
water permeability (Pf) of oocytes, whereas expression of wild-type AQP2 increased 
P,- values more than 10 fold. Further studies revealed that the mutant AQP2 pro­
teins were impaired in their cellular routing [28]. Consequently, it remained unde­
cided whether these mutations resulted in non-functional water channels, since 
they did not reach the plasma membrane. 
In the study presented here, we report three additional NDI patients who are 
homozygous for mutations in the AQP2 gene. In addition, we performed function­
al analyses of the mutant AQP2 proteins in oocytes and concluded that two muta­
tions result in functional but misrouted water channels. 
Methods 
Patients 
The three patients investigated in this study come from three separate families from 
different ethnic origin. In all three families, the parents of the patients are consan­
guineous. 
Family 1 is of Austrian descent. The male proband (patient 1) was admitted to the 
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hospital at the age of 3 months with signs of dehydration, including recurrent fever 
and hypernatremia (serum sodium 164 mmol/liter). On admission, urinary osmo-
lality was very low (50 mosmol/kg) and did not increase after a water-deprivation 
test or after the administration of arginine vasopressin. At present, at the age of 18 
years, he has a polyuria and polydipsia of approximately 13 liters/d (no medica-
tion). In his older sister, a diagnosis of diabetes insipidus was made at the age of a 
few months. Data on a water deprivation test or a dDAVP (Minrin*) test were not 
available in her medical record. She has been treated, however, with Minrin"' with-
out a reduction in urinary volume. Now, as an adult, she has a fluid intake of 
approximately 13 liters/d (no medication). 
Family 2 comes from Sri Lanka. The male proband (patient 2) was referred at the 
age of 5 months because of intermittent high fever, weakness, irritability and weight 
loss. The diagnosis of NDI was based on the presence of a high serum sodium (186 
mmol/liter), a low urinary osmolality (173 mosmol/kg), and unresponsiveness to 
dDAVP. Therapy with hydrochlorothiazide proved very difficult despite tube feed-
ing and was complicated by intermittent bulging fontanel, fever and vomiting. The 
boy failed to thrive and showed muscular hypotonia and delayed psychomotor 
development. At the age of 13 months he was readmitted with high fever, seizures 
and hypernatremia (173 mmol/liter), followed by coma. He succumbed two weeks 
later. M RI and necropsy revealed severe brain lesions with necrosis of basal ganglia. 
Eight months later NDI was diagnosed in the younger brother at the age of 1 week 
based on elevated serum sodium (147 mmol/liter) and low urinary osmolality ( 107 
mosmol/kg). At present, at the age of two years, his psychomotor development is 
adequate but there is slight muscular hypotonia. Fluid intake is 2 liters/d. 
Family 3 is Turkish by descent. In the female proband (patient 3) the diagnosis 
diabetes insipidus was made at the age of 6 weeks when she was admitted to the 
children's hospital with failure to thrive and signs of dehydration, including fever, 
and hypernatremia (serum sodium 162 mmol/liter). Urinary osmolality was low 
(82 mosmol/kg) but increased to 236 mosmol/kg after water-deprivation and to 
450 mosmol/kg after administration of arginine vasopressin, suggesting a diagnosis 
of NDI with partial resistance to vasopressin. However, at the age of 18 months a 
control vasopressin test showed a rise of urine osmolality to only 239 mosmol/kg. 
According to the parents, two sons of the sister of the paternal grandmother, at that 
time 7 and 8 years old, both suffered from a similar disease. Further investigation 
revealed that they both had NDI with total resistance to vasopressin. All three 
patients have been treated with the combination indomethacin-hydrochloroth-
iazide, which was replaced for amiloride and Minrin1, in the proband at the age of 
4 years. Despite treatment she still had a fluid intake of approximately 4 liters/d. 
• DNA amplification and sequence analysis of patients 
Genomic DNA was isolated by the salt-extraction technique. Primers used for 
amplification of the AQP2 coding regions and for cycle sequencing were as 
described elsewhere [31]. PCR conditions were 1 min at 92°C, 1.5 min at 60°C and 
1.5 min at 72°C for 30 cycles. Cycle sequencing reactions were performed on both 
DNA strands, and sequences were analyzed on an automated fluorescence-based 
Applied Biosystems model 373A DNA sequencing system. 
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* DNA constructs and transcription 
To introduce the A147T mutation in our AQP2 expression construct 
(pT7TsAQP2), exon 2 of the AQP2 gene was amplified from genomic DNA of 
patient 1. A 66 bp Sacl-Smcil fragment containing the G to A transition at position 
533 was isolated by gel electrophoresis. For the T126M mutation, genomic DNA of 
patient 2 was amplified using primers flanking the coding region of exon 2, and a 
43 bp Ddel-Sacl fragment was isolated, containing the С to Τ transition at position 
471. For the N68S mutation, exon 1 of the AQP2 gene was amplified from genom­
ic DNA of patient 3, and a 144 bp Apal-SacU fragment containing the A to G tran­
sition at position 297 was isolated. These fragments were inserted into the cor­
responding sites of pT7TsAQP2 and clones that were identical to the wild-type (wt) 
AQP2 cDNA sequence, except for the described mutations, were selected by 
sequence analysis [63]. These constructs were linearized by Sail and capped RNA 
transcripts were synthesized in vitro using T7 RNA polymerase according to 
Promega's (1991) Protocols and Principles guide, except that 1 mM final concen­
trations of nucleotide triphosphates and 7-methyl-di-guanosine triphosphate were 
used. The cRNAs were purified and dissolved in DEPC-treated water. The integrity 
of the RNA was checked by agarose gel electrophoresis and the concentration was 
determined spectrophotometrically. 
- Water permeability 
Xenopns laevis oocytes were isolated, injected with 10 ng of cRNA and analyzed 
after three days in a swelling assay as described before [31]. Oocyte swelling was 
performed at 22°C following transfer from 200 mosM to 70 mosM (wt AQP2 ex­
pressing oocytes) or 200 mosM to 20 mosM (water-injected control oocytes and 
mutant AQP2 expressing oocytes). 
• Northern blot analysis 
At the day of injection and three days after injection, RNA was isolated from 6 
oocytes according to Chomczynski and Sacchi [21]. RNA equivalents of three 
oocytes were loaded onto a 2.2 M formaldehyde, 1% (wt/vol) agarose gel. Elec­
trophoresis, blotting and hybridization conditions were as described [29]. A 850 bp 
EcoRI cDNA fragment encoding human AQP2 [31 ] was labeled with [a-32P] dCTP 
by random priming |46] and was used as a probe. The relative amount of mRNA 
loaded onto the gel was assessed by hybridization of the same blot with a probe of a 
780 bp EcoRl-BamH\ cDNA fragment coding for Xenopns laevis Histon H3 [39] 
and subsequent scanning of the autoradiographic signals with an LKB Ultrascan XI. 
laser densitometer. 
« Immunoblotting 
To determine the stability of mutant and wt AQP2 proteins, 8 oocytes were homog­
enized in 20 μΐ buffer A per oocyte (20 mM Tris (pH 7.4), 5 mM MgCl2, 5 mM 
NaHP04, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 5 pg/ml leupeptin and pepstatin, 
80 mM sucrose) at 4°C at 1,2 and 3 days after injection. Subsequently, the lysates 
were centrifugea twice for 10 min at 125 g to remove yolk proteins. At the third day 
after injection, a fraction enriched for plasma membranes was isolated from 25 
oocytes according to Wall and Patel [184]. 
Lysates or plasma membranes equivalent to 0.1 oocyte or 8 oocytes, respectively, 
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were denatured for 30 min at 37°C in sample buffer (2% SDS, 50 mM Tris (pH 6.8), 
12% glycerol, 0.01% Coomassie Brilliant Blue, 100 mM DTT), electrophoresed 
through a 12% SDS-polyacrylamide gel [86] and transferred to a nitrocellulose 
membrane as described [31]. Efficiency of protein transfer was checked by staining 
the membrane with Ponceau Red. For immunodetection, the membrane was incu-
bated with a 1:10,000 dilution of an affinity-purified polyclonal antibody directed 
against the 15 C-terminal amino acids of rat AQP2 (17). As a secondary antibody, a 
1:5,000 dilution of affinity-purified goat-anti-rabbit IgG conjugated to horse radish 
peroxidase (Sigma Immuno Chemicals, St. l.ouis, MO) was used. Proteins were 
visualized using enhanced chcmiluminescence (Boehringer Mannheim). When 
appropriate, the 29 and 32 kDa AQP2 bands of the third day were scanned as 
described above. 
¡mmunocytochemistry 
At 3 days after injection, remaining vitelline membranes were removed and oocytes 
were incubated for 1 hour in 1% (wt/vol) paraformaldehyde fixative (PLP) [110], 
dehydrated, and embedded in paraffin. After blocking with 10% goat serum in 
Tris-buffered saline (TBS), the sections were incubated O/N at 4°C with the poly-
clonal AQP2 antibody diluted 1:500 in 10% goat serum in TBS. After three washes 
for 10 min in TBS, the sections were incubated for 1 hour in a 1:100 dilution of 
goat-anti-rabbit IgG coupled to fluorescein isothiocyanate (Sigma Immuno Chem-
icals). The sections were again washed three times for 10 min, dehydrated by wash-
ing in 70% to 100% ethanol and mounted in mowiol 4-88, containing 2.5% NaN,. 
Photographs were taken with a Zeiss Axioskop with epifluorescent illumination 
with an automatic camera using Kodak EPH P1600X films. 
Results 
From three NDI patients, in whom a V, receptor defect was either excluded or un-
likely, we amplified and sequenced the four exons of the AQP2 gene. All patients 
were found to be homozygous for three different missense mutations. In patient 1, 
a G533A transition was found in exon 2, leading to a substitution of an alanine for 
threonine (A147T). In patient 2, a C471T transition in exon 2 leads to a threonine 
to methionine substitution (T126M). The AQP2 gene of patient 3 showed a A297G 
transition in exon 1, which results in a substitution of an asparagine for a serine 
(N68S) in one of the most conserved regions of the MIP family proteins [145] 
(Fig. 1). 
The asymptomatic parents and a healthy brother and sister of patient 1 were shown 
to be heterozygous for the A147T mutation; another asymptomatic sister appeared 
to be homozygous for the normal allele. As expected, the affected brother of patient 
2 appeared homozygous for the T126M mutation as well, whereas their asympto-
matic parents were both shown to heterozygous for that mutation. DNA of an elder 
healthy brother was not available for testing. Sequencing of exon 1 in the two 
affected male family members of patient 3 revealed that they both were homozy-
gous for the N68S mutation. The asymptomatic parents, an asymptomatic sister of 
the father and the paternal grandparents of patient 3, as well as the mother of the 
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Fig. 1 Proposed membrane topology of AQP2 The three amino acid substitutions as coded 
for by the AQP2 genes of the three NDI patients and the conserved NPA boxes are indicated 
The previously reported amino acid substitutions in NDI patients (15,16) are shown between 
brackets 
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Fig. 2 Osmotic water permeability (P.) of oocytes three days after injection of water or 10 ng 
of cRNA encoding wt, A147T, T126M or N68S AQP2 Mean and SE of at least 45 oocytes 
from 6 different experiments are shown (*, significantly increased above water-injected control 
oocytes, p<0.01). 
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Fig. 3 Northern blot analysis of the stabilities of cRNAs encoding wt, A147T, T126M or N68S 
AQP2 in Xenopus oocytes. At the day of injection and three days after injection, RNA was 
isolated from six oocytes. An equivalent of three oocytes was blotted and RNA was visualized 
using a human AQP2 cDNA probe (upper panel) For normalization of the amount of RNA 
loaded, the blot was hybridized with a Xenopus histon H3 probe (lower panel). 
WT A 1 4 7 T 
T 1 2 6 M N68S 
Fig. 4 Immunoblot analysis of AQP2 proteins. At 1, 2 and 3 days after injection, lysates were 
prepared from 8 oocytes injected with cRNA encoding wt, A147T, T126M or N68S AQP2 
Equivalents of 0.1 oocyte were separated by SDS-PAGE and blotted AQP2 proteins were 
visualized by chemiluminescence using AQP2 antibodies as a first antibody and anti-rabbit IgG, 
conjugated to peroxidase, as a second antibody. 
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Fig. 5 Immunoblot analysis of lysates and a fraction enriched for plasma membranes of 
oocytes Lysates (L) and plasma membranes (M) were prepared 3 days after injection of 
water or cRNA encoding wt, A147T, T126M or N68S AQP2. Equivalents of 0.1 oocyte (L) or 
8 oocytes (M) were separated by SDS-PAGE and immunoblotted as described in the legend 
of Fig. 4. 
two other patients in family 3 were all shown to be heterozygous for the N68S 
mutation. The data are consistent with co-segregation of the mutant AQP2 allele 
with the disease and with autosomal recessive inheritance of NDI in these families. 
To test whether these mutant AQP2 proteins are functional water channels, PCR 
fragments containing the mutations were cloned into the AQP2 expression vector 
and transcripts were injected into Xenopus oocytes. Three days later, water perme­
ability measurements revealed that the water permeability (Pf ± SE) of oocytes 
expressing the N68S mutant (8.3 ±1.9 μπι/s) was not different from water-injected 
control oocytes (8.9 ± 2.2 μηι/s), whereas oocytes expressing the T126M (41.4 ± 3.8 
μπι/s) or A147T (46.2 ± 2.7 μηι/s) AQP2 proteins showed a significantly increased 
water permeability when compared to water-injected control oocytes. The water 
permeability of wild-type (wt) AQP2 injected oocytes was 275 ± 9.7 μπι/s (Fig. 2). 
The low or absent water permeability of mutant AQP2 proteins in Xenopus oocytes 
could be caused by 1) a low stability of the mutant cRNAs in Xenopus oocytes; 2) a 
low stability of the mutant AQP2 proteins in oocytes; 3) an impairment of the rout­
ing of the mutant AQP2 proteins to the plasma membrane; and/or 4) a mutant 
AQP2 protein that is a non-functional water channel. 
To test for differences in stability of wt and mutant cRNAs, RNA isolated from 
oocytes directly after, and three days after injection was subjected to Northern blot 
analysis. A specific signal with our human AQP2 cDNA probe was only obtained in 
lanes loaded with RNA isolated from AQP2 cRNA injected oocytes (Fig. 3). After 
normalization for the amounts of RNA loaded by hybridization with a Xenopus 
Histon H3 probe, the amounts of wt and mutant AQP2 cRNAs were comparable. 
To compare the size and stability of mutant and wt AQP2 proteins, oocyte lysates 
were prepared 1,2 and 3 days after injection and were subjected to immunoblotting 
using AQP2 antibodies (Fig. 4). Ponceau Red staining of the immunoblot showed 
that equal amounts of protein were loaded (not shown). Chemiluminescence 
detection revealed a band of 29 kDa present in all lanes loaded with AQP2 protein, 
except in the lane loaded with water-injected control oocytes. In the lanes loaded 
with mutant AQP2 protein an additional band of -32 kDa was present. Densito­
metrie scanning of the bands from the third day samples revealed that the stability 
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Fig. 6 Sections of oocytes injected with cRNA encoding wt 
(A), A147T (B), T126M (C), or N68S (D) AQP2. As a negative 
control, water-injected control oocytes were used (E) The 
sections were incubated with AQP2 antibodies and visualized 
by FITC-conjugated anti-rabbit immunoglobulins 
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of the T126M and N68S mutants and wt AQP2 were equal, whereas the stability of 
the A147T mutant was less than 10% of wt AQP2. 
To determine the plasma membrane expression of wt and mutant AQP2 proteins, a 
fraction enriched for plasma membranes was subjected to immunoblotting (Fig. 5). 
Only in the membrane fraction of oocytes expressing wt AQP2, a clear 29 kDa band 
was visible, whereas no AQP2 protein could be detected in the membrane fractions 
of AQP2 mutants. To visualize the location of AQP2 proteins, immunocytochem-
istry was performed on injected oocytes (Fig. 6). Staining with the AQP2 antibody 
revealed a clear, intense staining of the plasma membrane of oocytes expressing 
wt AQP2 (Fig. 6A), whereas oocytes expressing mutant AQP2 proteins showed a 
very weak staining of the plasma membrane, with a more pronounced labeling of 
the cytoplasm (Fig. 6B-D). The water-injected control oocytes showed no staining 
(Fig. 6E). 
Discussion 
The discovery of mutations in the V, receptor gene, located on the X-chromosome, 
explained the cause of ND1 in a majority of the patients [82], but not in all. Some of 
these unexplained NDI cases appeared to segregate as an autosomal recessive trait, 
and mutations in the V2 receptor coding region could often be excluded in these 
cases. Therefore, the involvement of a second gene causing NDI was likely. In 
search for proteins involved in the cascade of events between the binding of vaso-
pressin to the V, receptor at the basolateral membrane and the reabsorption of 
water at the apical membrane of the collecting duct cell, the cloning of the rat AQP2 
water channel, which is exclusively expressed in the collecting duct [55], attracted 
attention. The AQP2 gene was assigned to chromosome 12, region ql2-ql3, and 
was therefore a likely candidate [33]. The subsequent identification of mutations in 
the AQP2 gene in some of these NDI patients provided a definitive proof for a sec-
ond gene defect in NDI [31,178]. 
Here we report three new missense mutations in the AQP2 gene of three NDI 
patients coding for a A147T-, T126M-, or N68S-substituted AQP2 protein. Ex-
pressed in Xenopus oocytes, the N68S mutant AQP2 was non-functional (Fig. 2). 
This could be anticipated, because the substituted amino acid is part of the NPA 
box in loop B, which forms, together with a second NPA box in loop E, the most 
conserved amino acid sequence of the MIP-family [145]. Unlike the N68S-substi-
tuted protein and previously reported AQP2 mutants (G64R, R187C and S216P) 
[31,178], the A147T and T126M AQP2 mutant proteins were functional. The ala-
nine at position 147 is also well-conserved among the MIP family members [145]. 
The observed water permeability of the oocytes expressing the A147T and T126M 
AQP2 proteins was, however, much lower than that of oocytes expressing wt AQP2. 
To find an explanation for the reduced Pf of oocytes expressing NDI-related AQP2 
proteins, these oocytes were analyzed in detail and were compared with wt AQP2 
expressing oocytes. The stability of injected cRNA was equal for mutant and wt 
AQP2 (Fig. 3). In contrast, differences with wt AQP2 were observed on the protein 
level. Immunoblot analysis revealed that wt AQP2 was only expressed as a 29 kDa 
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protein, while the three mutants showed an additional 32 kDa form (Fig. 4). In a 
previous study on mutant AQP2 proteins similar 32 kDa bands were detected, and 
they were shown to be endoglycosidase H-sensitive [28]. Because endoglycosidase 
H hydrolyses endoplasmic reticulum-specific high-mannose glycosylation groups, 
the 32 kDa bands presumably represent ER-retarded forms of mutant AQP2 pro­
teins. The mutant AQP2 proteins are apparently retained in the endoplasmic retic­
ulum and thus impaired in their routing to the plasma membrane. The indication 
that the A147T-, T126M- and N68S-substituted AQP2 proteins were impaired in 
their transport was further substantiated by the absence of these proteins in an 
immunoblotted oocyte fraction enriched for plasma membranes, whereas the wt 
AQP2 protein was clearly present (big. 5). In addition, immunocytochemistry 
showed a clear AQP2 labeling in the plasma membrane of oocytes expressing wt 
AQP2, whereas the mutant AQP2 proteins were abundantly expressed in the cyto­
plasm, but were hardly detectable in the plasma membrane, which confirms the 
impaired transport of the mutant AQPs (Fig. 6). In the ER, newly-synthesized pro­
teins undergo various posttranslational modifications including folding, oligomer-
ization and glycosylation [14,59]. Proteins that are not properly processed do not 
pass the 'quality control' of the ER and are usually retained. The processing of the 
new protein depends in part on the structural motifs displayed during folding and 
assembly, and on the molecular interactions with chaperones and folding factors. 
The quality control of the ER recognizes certain conformational features of the 
misfolded protein, such as hydrophobic peptide elements exposed on the surface of 
the molecule, and in most cases, misprocessed proteins are subsequently degraded 
[14,59,60]. In Xenopus oocytes, the stability of the T126M and N68S mutants was 
comparable with that of wt AQP2, but the A147T mutant was considerably less sta­
ble, a phenomenon previously shown for the S216P mutant also [28]. Because the 
A147T and S216P mutations are both located in a transmembrane domain, mis-
folding may cause the exposure of hydrophobic regions on the surface of the mole­
cule, which could make these mutants more accessible to ER-resident proteases. 
The other mutations (G64R, N68S, T126M, R187C) are located in the more 
hydrophilic extramembraneous loops, which may explain their stability in oocytes. 
In summary, all six NDI-related missense AQP2 proteins (G64R, N68S, T126M, 
A147T, R187C, S216P) are impaired in their transport to the plasma membrane 
when expressed in Xenopus oocytes ([28]; this study). Despite the impairment in 
routing, the A147T and T126M mutants significantly increased the Pf of oocytes. In 
view of the fact that the A147T mutant is very instable in oocytes, the mutants that 
are stable in oocytes (G64R, N68S, R187C) should also confer water permeability to 
oocytes, if they were functional water channels. Therefore, it is likely that the G64R, 
N68S and R187C AQP2 mutants are non-functional. 
All our data regarding AQP2 are in line with the hourglass model, which is a struc­
tural-functional model proposed for AQP1. In this model, loops В and E are essen­
tial for the formation of the pore through which water transport takes place [75]. 
The hourglass model is based on site-directed mutagenesis studies in which muta­
tions in the В and E loops of AQP1, containing the conserved NPA boxes, resulted 
in loss of water permeability. Mutations in the А, С and D loops and the N- and C-
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terminal regions, however, affected the water transporting properties of AQP1 to a 
lesser degree [142]. All AQP2 proteins in NDI with mutations in the В loop (G64R, 
N68S) or E loop (R187C) are non-functional, whereas AQP2 proteins with muta­
tions in the С loop (T126M) or near the D loop (A147T) are functional. Recently, 
Bai et al. [6] proposed that in AQP2 loops С and D are closely located to the aque­
ous pathway, instead of loops В and E. This is not in line with our data from NDI-
related mutant AQP2 proteins. Bai et al. [6] reported that mutations near the NPA 
boxes in loops В and E did not alter water channel function, which contrasts 
sharply with our data. 
In conclusion, two mutant AQP2 proteins, encoded by AQP2 genes of patients suf­
fering from autosomal recessive NDI, appeared to be functional water channels. 
Therefore, the major cause underlying this disease is the misrouting of the mutant 
AQP2 proteins, and not the dysfunctioning of the water channels. As shown for the 
most common mutant form of the cystic fibrosis transmembrane conductance reg­
ulator (CFTR), which has a deletion of the phenylalanine at position 508, the pri­
mary effect is not a functional impairment, but rather an impairment in the routing 
of the mutant protein to the plasma membrane. In CFTRAF508-expressing cells it 
has been shown that culturing these cells at lower temperatures relieved the impair­
ment in routing of the AF508 mutant, which resulted in the appearance of func­
tional CI channels in the plasma membrane [38]. Furthermore, elevated levels of 
molecular chaperones appeared to increase proper folding of the K304E mutant of 
the medium chain acyl-CoA dehydrogenase (MCAD) [15] and the Y393N muta­
tion of the Eia subunit of the mitochondrial branched chain oc-ketoacid dehydro­
genase complex [169]. In future studies, attempts should be undertaken to over­
come the biosynthetic arrest and to promote trafficking of the T126M and A147T 
AQP2 mutants to subapical vesicles or the plasma membrane. This will require 
knowledge of the mechanism that causes retention. The opportunity to manipulate 
the cellular machinery associated with protein folding and trafficking may provide 
the tools for novel pharmaco-therapeutic strategies that may be used in the treat­
ment of this form of nephrogenic diabetes insipidus. 
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Summary 
To discriminate between water transport of AQP2 mutants 
in nephrogenic diabetes insipidus and that of an AQP2 mol-
ecule used to drag them to the oolemma, we investigated the 
mercury sensitivity of wild-type and AQP2 CI 8 IS proteins in 
oocytes. Incubation with HgCl, inhibited the water perme-
ability (Pf) of human (h) AQP2 for 40%, whereas inhibition 
of hAQPl was 75%. Oocytes expressing hAQPl C189S 
revealed a Pf comparable to wild-type hAQPl, but mercury 
sensitivity was lost. In contrast, no increase in Pf was 
obtained when hAQP2 C181S was expressed. Also, expres-
sion of rat AQP2 C181A and C181S mutants did not increase 
the Pf, which contrasts with published observations. Immu-
nocytochemistry and immunoblotting revealed that only 
AQP1, AQP1 C189S and AQP2 were targeted to the plasma 
membrane, and that AQP2 mutant proteins are retarded in 
the endoplasmic reticulum. 
In conclusion, water transport through AQP2 is less sensitive 
to mercury inhibition than through AQP1. Furthermore, 
substitution of the mercury-sensitive cysteine for a serine 
results in an impaired routing of human and rat AQP2, 
whereas similar mutations have no effect on AQP1 function. 
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Introduction 
The cloning of the first discovered water channel, aquaporin 1 (AQP1), opened an 
exciting new field of research, and at the moment, 6 different mammalian aquapor-
ins are known (AQP0-AQP5) [44,55,62,68,74,98,139,144]. Aquaporins are mem­
bers of the MIP family of intrinsic proteins, traverse the membrane six times and 
have intracellular amino- and carboxyl termini [121]. A characteristic amino acid 
stretch present in every member of the MIP family is the NPA box, found in the 
first intracellular loop (loop B) and in the third extracellular loop (loop E) (Fig. 1). 
So far, the best studied water channels are AQP1 and AQP2. AQP1 is constitutively 
expressed in erythrocytes, renal proximal tubules and descending limb of Henle, 
and in several other epithelia [125]. AQP2 has been shown to be the vasopressin-
regulated water channel that is exclusively expressed in renal collecting duct princi­
pal cells and inner medullary collecting duct cells [55]. 
Water permeation through AQP1 can be inhibited by binding of mercury to cys­
teine 189 [141,197]. When this cysteine is replaced by a serine, the water perme­
ability remains unaffected, but mercury-sensitivity is lost. Recent reports show that 
mercury binding to cysteine 181 in AQP2 also results in inhibition of the water per­
meability and substitution of cysteine 181 for serine or alanine results in loss of 
mercury sensitivity, together with a 20-50% reduction of water permeability com­
pared with wild-type (wt) AQP2 [6,7]. 
Recently, we have reported mutations in the AQP2 gene, which are the cause of the 
autosomal recessive form of nephrogenic diabetes insipidus (NDI) [31,178]. All 
missense AQP2 proteins in NDI were found to be impaired in their routing to the 
oolemma [28]. Jung et al. reported that co-expression of AQP1 missense mutants 
and an AQP1 truncation mutant (D237Z) in oocytes overcomes the impaired rout­
ing to the plasma membrane [75]. To apply a similar strategy as used by Jung et al. 
in the study of AQP2 missense mutants, we must be able to discriminate between 
water movement through the missense mutant and through a truncated AQP2 pro­
tein. Co-expression in oocytes of mercury-insensitive AQP2 missense proteins 
together with a truncated wild-type AQP2 should result in mercury insensitive 
water flow when the missense mutant is still a functional water channel. Therefore, 
the usefulness of mercury (in)sensitivity of AQP2 proteins as a tool to discriminate 
between water permeation conferred by the truncated or the mutant AQP2 pro­
teins was investigated. 
Materials and methods 
» Expression constructs 
The human AQP2 CI8IS clone was obtained by introducing а С to G transition at 
position 634 and a G to С transition at position 636 in the human AQP2 cDNA 
using the Altered Sites II in vitro mutagenesis kit (Promega, Madison, WI). The 
clone that was identical to wt AQP2 except for the above mentioned transitions was 
selected by sequence analysis [63]. After digestion with ВатШ and Kpnl, a 282 bp 
fragment was isolated by gel electrophoresis and inserted into the corresponding 
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Fig. 1 Proposed topology model of AQP1 and AQP2 The highly conserved NPA boxes in loops 
В and E and the mercury sensitive cysteine (C189 in AQP1, С181 in AQP2) in loop E are 
indicated 
sites of pT7TsAQP2 [31]. In this vector, a Xbal-Ndel fragment had been removed 
from the polylinker in order to have a unique BatnHl site in the AQP2 cDNA. The 
rat AQP2 C181S and CI81A cDNAs [6] in the pXBGevl expression vector were 
kindly provided by Drs. К. Fushimi and S. Sasaki (Tokyo, Japan). These constructs 
were checked by restriction analysis. The human AQP1 and the AQP1 C189S 
cDNAs [141] in the pXBGevl expression vector were kindly provided by Drs. G.M. 
Preston and P. Agre (Baltimore, MD). 
» Transcription 
The constructs were linearized with Sau (pT7Ts) or Xbal (pXBGevl) and in vitro 
transcribed using T7 RNA polymerase (pT7Ts) or T3 RNA polymerase (pXBGevl), 
according to Promega's (1991) Protocols and Principles guide, except that 
nucleotide triphosphates and 7-methyl-diguanosine triphosphate were used at a 
final concentration of 1 mM. The cRNAs were purified and dissolved in diethyl 
pyrocarbonate-treated milliQ water. The integrity of the cRNA was checked by 
agarose gel electrophoresis and the concentration was determined spectrophoto-
metrically. 
• Water permeability 
Stage V and VI oocytes of Xenopus laeviswere isolated and injected with water or 10 
ng of cRNA. After incubation for three days in modified Barth's solution (MBS) at 
18°C, oocytes were analyzed in a swelling assay as described previously [31 ]. Oocyte 
swelling was performed at 22°C following transfer from 200 mosM to 70 mosM. For 
the mercury inhibition studies, oocytes that exhibited a high Pt were selected and 
incubated for 5 min in MBS containing 1 or 3 mM HgCl2. During the swelling assay, 
the same concentration of HgCl-, was present in the diluted buffer. After this assay, 
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the same oocytes were incubated for 15 min in buffer containing 5 mM ß-mercap-
toethanol, and assayed again in diluted buffer containing 5 mM ß-mercaptoethanol. 
Oocyte lysate and membrane isolation 
To determine the stability and size of the AQP1 and AQP2 proteins, 8 oocytes were 
homogenized in 160 μΐ homogenization buffer A (HbA: 20 mM Tris (pH 7.4), 5 
mM MgCL, 5 m M NaH
:
P0 4 , 80 mM sucrose, 1 mM EDTA, 1 mM DTT, 1 mM 
PMSF, 5 μg/ml leupeptin and pepstatin) at 4°C at 1, 2 and 3 days after injection. 
Subsequently, the lysates were centrifuged twice for 10 min at 125 g to remove yolk 
proteins. At the third day after injection, plasma membranes were isolated from 25 
oocytes according to Wall and Patel [184]. Oocyte lysates of an equivalent of one 
oocyte were digested with recombinant endoglycosidase Hf (endo H) (New Eng­
land Biolabs, Beverly, MA) according to the manufacturer, except that protein 
samples were digested for 18 h after denaturation for 30 min at 37°C. 
Immunoblotting 
Lysates or plasma membranes equivalent to 0.1 oocyte or 8 oocytes, respectively, 
were denatured for 30 min at 37°C in sample buffer (2% (wt/vol) SDS, 50 mM Tris 
(pH 6.8), 12% (vol/vol) glycerol, 0.01% (wt/vol) Coomassie Brilliant Blue, 100 mM 
DTT), electrophoresed through a 13% SDS-polyacrylamide gel [86] and trans­
ferred to a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany) as 
described previously [28]. Efficiency of protein transfer was checked by reversible 
staining of the membrane with Ponceau Red. For immunodetection, the mem­
brane was incubated with a 1:10,000 dilution of affinity-purified rabbit polyclonal 
antibodies directed against the 15 COOH-terminal amino acids of rat AQP2 [28] or 
a 1:200 dilution of a mouse monoclonal antibody directed against dog AQP1 (gift 
from M.L. Jennings, Galveston, TX). As a secondary antibody, a 1:5,000 dilution of 
affinity-purified anti-rabbit or anti-mouse IgG conjugated to horseradish peroxi­
dase (Sigma, St. Louis, MO) was used. Proteins were visualized using enhanced 
chemiluminescence (Boehringer Mannheim, Germany). 
lmmunocytochemistry 
Three days after injection, oocytes were stripped from remaining vitelline mem­
branes and were incubated for 1 h in 1% (wt/vol) paraformaldehyde fixative (PLP) 
[ 1101, dehydrated and embedded in paraffin. After blocking with 10% (vol/vol) 
goat serum in Tris-buffered saline (TBS), sections of oocytes expressing AQP2 pro­
teins were incubated O/N at 4°C with affinity-purified polyclonal AQP2 antibodies 
diluted 1:500 in 10% (vol/vol) goat serum in TBS. The sections of oocytes express­
ing AQP1 proteins were incubated with a 1:100 dilution of a rabbit polyclonal 
AQP1 antibody. This antibody was prepared by immunization of rabbits with a 
synthetic peptide representing the last 15 COOH-terminal amino acids of rat AQP1 
coupled to rabbit serum albumine. After three washes for 10 min in TBS, the sec­
tions were incubated for 1 h in a 1:100 dilution of anti-rabbit IgG coupled to fluo­
rescein isothiocyanate (FITC) (Sigma). The sections were again washed three times 
for 10 min, dehydrated by washing in 70-100% (vol/vol) ethanol and mounted in 
mowiol 4-88, 2.5% (wt/vol) NaN,. Photographs were taken with a Zeiss Axioskop 
microscope equipped with epifluorescent illumination and Kodak EPH P1600X 
films were used. 
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Fig. 2 Osmotic water permeability (P() of oocytes three days after injection of water or 10 ng 
of the following cRNAs hAQPI. hAQP2, hAQP1 C189S, hAQP2 C181S, rA0P2 С181S or 
rAQP2 C181A Identical oocytes were subjected to the standard osmotic swelling assay 
(light bars), after incubation with 1 mM HgCI2 (dark bars), and after subsequent incubation 
with 5 mM ß-mercaptoethanol (open bars) Shown are means ± SE of 15-40 oocytes. 
Resu l ts 
To determine the water permeability of wt human (h)AQP2 and hAQP2 C181S, in 
comparison with wt hAQPI and hAQPI C189S, cRNAs encoding these proteins 
were injected into Xenopus oocytes. Water permeability measurements revealed 
that the water transport mediated by hAQP2 and hAQPI was comparable (Fig. 2). 
After incubation of the same oocytes in 1 mM HgCl2, the percentage inhibition of 
water transport was 40 ± 8% (mean ± SE) for AQP2, while the inhibition of water 
transport was 75 ± 5% for AQP1. Incubation of the same oocytes in 5 mM ß-mer-
captoethanol fully restored the water permeability of hAQP2 and hAQPI. Stronger 
inhibition was observed after incubation for 5 min in 3 mM HgCl2, with the same 
relative difference in P, between AQP2 and AQP1 (data not shown). Expression of 
hAQPI C189S resulted in a high water permeability, which was unchanged in the 
presence of 1 mM HgCl2. In contrast, oocytes injected with cRNA coding for 
hAQP2 C181S revealed a water permeability that was not different from water-
injected control oocytes. Because the latter result is totally in contrast to similar 
studies with rat AQP2 [6,7], cRNAs encoding rat AQP2 C181S or AQP2 С Ш А 
were also injected into oocytes. Swelling tests on these oocytes also revealed Pf 
values that were not different from water-injected control oocytes (Fig. 2). 
The absence of water permeability in oocytes injected with cRNA encoding the 
AQP2 C181 mutants could be caused by the absence of the protein or a disturbed 
trafficking to the plasma membrane. To confirm the presence of AQP2 and to 
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Fig. 3 Immunoblot analysis of oocyte lysates At 1, 2 and 3 days after injection, lysates were 
prepared from 8 oocytes injected with water or 10 ng of cRNAs encoding hAQP2, hAQP2 
C181S, rAQP2C181S, rAQP2 C181A, hAQP1 or hAQPI C189S. Eguivalents of 0.1 oocyte 
were separated by SDS-PAGE and visualized by chemiluminescence. A AQP2 proteins were 
visualized using affinity-purified rabbit polyclonal AQP2 antibodies and anti-rabbit IgG coupled 
to peroxidase. В AQP1 proteins were visualized using monoclonal AQP1 antibodies and anti-
mouse IgG coupled to peroxidase. 
hAQP2 
W T C181S 
rAQP2 
C181S C181A 
kDa 
45 — 
+ endo H 
31 — , 
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Fig. 4 Immunoblot analysis of oocyte lysates after endoglycosidase Η digestion. Lysates of 
oocytes expressing wt AQP2, hAQP2 C181S, rAQP2 C181S or rAQP2 С181A were incubated 
in the presence (+) or absence (-) of endoglycosidase Η (endo Η). Eguivalents of 0.1 oocyte 
were separated by 5DS-PAGE and ¡mmunoblotted. AQP2 proteins were detected as described 
in tig. 3. 
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Fig. 5 Immunoblot analysis of oocyte lysates (L) and plasma membranes (M) of AQP2 (A) or 
AQP1 (B) expressing oocytes Three days after injection of 10 ng of cRNAs encoding hAQP2, 
hAQP2C181S, rAQP2 C181S, rAQP2C181A, hAQPI or hAQP1 С189S, oocyte lysates and 
plasma membranes were prepared Equivalents of 0.1 oocyte (L) or 8 oocytes (M) were 
separated by SDS-PAGE and visualized as described in fig. 3. 
determine the stability, oocyte lysates were prepared at 1, 2 and 3 days after injec­
tion, and subjected to immunoblotting. Reversible Ponceau red staining showed 
that comparable amounts of oocyte lysates were loaded (data not shown). Chemi-
luminescence revealed a band of -29 kDa in all lanes of oocytes injected with cRNA 
encoding AQP2, representing the native, unglycosylated form of AQP2 (Fig. ЗА). 
The hAQP2 С18IS mutant protein showed, besides the native 29 kDa band, a 
strong additional band of -32 kDa. Oocytes expressing rAQP2 C181S or rAQP2 
C181A mutants also showed unglycosylated AQP2 and a larger AQP2-specific 
band, but these bands migrated somewhat faster than the human AQP2 protein 
(-27 and-31 kDa) (Fig. ЗА). 
Immunoblots of oocytes expressing hAQPI revealed one band of 28 kDa represent­
ing the native unglycosylated form of AQP1. Oocytes expressing hAQPI C189S 
showed the same native band, and a minor additional band of -31 kDa (Fig. 3B). 
Endoglycosidase H (endo H) digestion of oocyte lysates expressing AQP2 proteins 
and subsequent immunoblotting revealed that the additional bands of hAQPI 
C189S (not shown), hAQP2 C181S, rAQP2 C181S and rAQP2 C181A were not 
detectable anymore (Fig. 4). No AQP1 or AQP2 signals were obtained in lanes 
loaded with lysates from water-injected oocytes. 
To determine the plasma membrane expression of wild-type and mutant aquapor-
ins, a fraction enriched for plasma membranes was subjected to immunoblotting 
(Fig. 5). Chemiluminescence revealed that wt hAQP2 was clearly present in the 
plasma membrane, while hC 181S, rC 181S or rC 181A mutant proteins could not be 
detected in this fraction (Fig. 5A). Wild-type AQP1 and AQP1 C189S were 
expressed in the plasma membrane to the same extent (Fig. 5B). In the plasma 
membrane fraction of oocytes expressing AQP1 C189S, a relatively higher amount 
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Fig. 6 Sections of oocytes expressing hAQP2 (A), hAQP2 
C181S (B), rAQP2 C181S ( 0 or rAQP2 C181A (D). AQP2 
proteins were visualized with affinity-purified polyclonal 
AQP2 antibodies and anti-rabbit IgG conjugated with FITC. 
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of glycosylated AQP1 (40-45 kDa) was present than in the plasma membrane frac-
tion of wt AQP1. 
Immunocytochemical analysis of oocytes expressing wt hAQP2 (Fig. 6A), wt AQP1 
(data not shown) or AQP1 C189S (not shown) showed a clear, intense staining of 
the plasma membrane with a weak staining of the cytoplasm. In contrast, oocytes 
expressing hAQP2 CI8IS, rAQP2 C181S or rAQP2 C181A showed an intense 
staining of the cytoplasm and only a very faint staining of the plasma membrane 
(Fig. 6B-D). No AQP2 or AQP1 labeling was found in water-injected control 
oocytes (not shown). 
To check the expression system, the water permeability measurements and 
immunoblots were repeated with oocytes isolated from Xenopus laevis from an 
unrelated source. These experiments yielded identical results (data not shown). 
Discussion 
To drag NDI-related AQP2 mutants to the plasma membrane of Xenopus oocytes 
to obtain information on the structure-function relationship of AQP2, two 
requirements had to be fulfilled: 1 ) Oocytes expressing wt AQP2 should reveal a 
large decrease in Pf on incubation with mercurials, and 2) The mutation of cysteine 
181 to serine in hAQP2 should not affect the expression and function of the pro-
tein. 
To address the first issue, mercury sensitivity of AQP2 was compared to that of 
AQP1. Water permeability studies revealed that the Pf values of oocytes expressing 
hAQPl or hAQP2 were comparable (Fig. 2), but that the mercury-sensitivity of 
AQP2 was less than of AQP1 (40% and 70% inhibition, respectively). A full recov-
ery of the water permeability after incubation in ß-mercaptoethanol was found for 
both AQP1 and AQP2 expressing oocytes indicative of specific mercury inhibition 
of AQPs rather than toxic effects of mercury chloride. 
To address the second requirement, a C181S mutation was introduced into 
hAQP2. Expression of hAQP2 C181S, however, revealed no increase in Pt, whereas 
oocytes expressing wt hAQP2, wt hAQPl or hAQPl Cl 89S revealed normal, high P, 
values. The absence of functional expression for hAQP2 CI81S was in complete 
contrast to the results reported for rat AQP2 C181S [6,7]. To rule out the possibili-
ty that a structural difference between human and rat AQP2 causes the discrepancy 
in functionality, hAQP2 C181S was expressed in parallel with rat AQP2 CI8IS and 
C181A mutants. Like hAQP2 C181S, however, both rat mutants did not confer 
water permeability to oocytes. To address the absence of expression in great detail, 
the sizes, stability and cellular localization of these mutants were determined (Figs. 
3-6). 
Immunoblots revealed that hAQP2 C181S, rAQP2 C181S and rAQP2 С Ш А pro­
teins were as stable as wt AQP2, but were, besides a wt AQP2 protein form, also 
detected as an endo Η-sensitive form (Fig. 3, 4). In the endoplasmic reticulum 
(ER), chaperones guide the folding of proteins, and misfolding often leads to degra­
dation and/or piling up of intermediates. The presence ofendo Η-sensitive, high-
mannose AQP2 glycoproteins is a clear indication that the proteins are retarded in 
8 4 CHAPTER UVE 
the ER, as has been shown for all missense AQP2 proteins involved in NDI [28]. 
For all three AQP2 mutants, the signal of the ER-retarded form is more intense 
than the signal of the non-glycosylated form. In contrast, an ER-retarded band is 
hardly visible on immunoblots of oocytes expressing the functional hAQPl C189S 
mutant. This indicates that the severity of the impairment of routing of AQPs is 
reflected by the relative expression levels of the ER-form and the non-glycosylated 
form. Immunoblotting of fractions enriched for plasma membranes and immuno-
cytochemistry confirmed the impaired routing of hAQP2 C181S, rAQP2 C181S 
and rAQP2 C181A to the plasma membrane (Fig. 5, 6). Identical results were 
obtained in oocytes isolated from Xenopus laevis of an unrelated source. Therefore, 
it is very unlikely that our results are a consequence of the batch of Xaiopi used. 
Immunoblots of plasma membranes showed that wt AQP1 and AQP1 C189S are 
expressed at the plasma membrane at comparable levels. However, the amount of 
glycosylated AQPI is higher for the mutated protein. A possible explanation can be 
that, because AQPI CI89S is somewhat retarded in the ER, more molecules are 
high-mannose glycosylated in the ER compared with wt AQP1. Since ER-glycosyla-
tion is essential for a change to complex glycosylation in the Golgi, a larger portion 
of the mutant AQPI is consequently glycosylated. 
Our results clearly show that in oocytes, human AQP2 С181 S, rat AQP2 С181S and 
rat AQP2 C181A are not functional because they are severely disturbed in their 
routing to the oolemma. The misrouting of hAQP2 C181S precluded our goal to 
use this mutation in AQP2 to discriminate between water permeability conferred 
by a truncation mutant and NDI-related AQP2 mutants. In addition, the water per­
meability obtained for rat C181S and C181A by Bai et al. [6,7], was of critical 
importance for their conclusion that the water pore in AQP2 is different from the 
one in AQPI. They concluded that loops С and D are located near the pore in 
AQP2 and loops В and E are not of critical importance in AQP2 as in AQPI. Our 
results with their clones and human AQP2 C181S makes this conclusion at least 
doubtful. 
In conclusion, our results show that water transport through AQP2 is less sensitive 
to mercury inhibition than through AQPI and that substitution of the cysteine 
residue in loop E for a serine completely disturbs proper folding, assembling and/or 
routing of human and rat AQP2, whereas the same mutation has no effect on 
AQPI. This suggests that mutations in AQPI are better tolerated than in AQP2, 
and thus that AQPI and AQP2 might differ in their tertiary structure. 
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Summary 
Mutations in the gene coding for AQP2 are known to cause 
autosomal recessive NDI. Here, we report for the first time a 
patient of a family with an autosomal dominant form of NDI 
which is also caused by a mutation in the AQP2 gene. A point 
mutation (G866A) in only one allele causes a substitution of 
a lysine for a glutamic acid in the C-terminal tail of AQP2 at 
position 258 (E258K), which is 2 amino acids downstream of 
the protein kinase A phosphorylation site S256 of AQP2. To 
address the molecular cause of dominant NDI in this patient, 
we studied the function and routing of AQP2-E258K in 
Xenopus oocytes in parallel with AQP2-S256A and a truncat­
ed AQP2 protein (AQP2-R253*). Compared to wild-type 
(wt) AQP2, AQP2-E258K conferred a small, but significant 
increase in water permeability (Pf) to oocytes, whereas the Pt 
of AQP2-S256A or AQP2-R253* expressing oocytes was sim­
ilar to wt AQP2. With co-expression, AQP2-E258K did not 
affect the P, generated by wt AQP2. Immunoblots of oocyte 
lysates and plasma membranes revealed that all three 
mutants were not retarded in the endoplasmic reticulum 
(ER) and were as stable as wt AQP2, but the plasma mem­
brane expression of AQP2-E258K was reduced. Immunocy-
tochemistry showed some AQP2-E258K expression in the 
plasma membrane, but the majority was located just under­
neath the plasma membrane, presumably in a golgi or post-
golgi compartment. The E258K mutant protein was phos-
phorylated as wt AQP2, whereas AQP2-S256A was not 
phosphorylated. AQP2-S256A and AQP2-R253* expressing 
oocytes showed strong signals in the plasma membrane, but 
also some staining below this membrane. These differences 
in localization were supported by subcellular fractionation of 
oocytes. Because AQP2-R253* lacks the region where the 
E258K mutation is found, but is hardly impaired in its rout­
ing, the E258K mutation presumably does not change an 
existing AQP2 routing signal, but rather introduces a reten­
tion signal. In conclusion, AQP2-E258K does not impair 
phosphorylation of S256, but is retarded in the golgi or a 
post-golgi compartment. Since AQPs are thought to 
tetramerize in the ER or golgi, the retention of AQP2-E258K 
and the consequent retardation of wt AQP2 proteins in a 
post-ER compartment, provides a good explanation for the 
dominant inheritance of NDI in this family. 
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Introduction 
In kidney, water transport through specialized channels, called aquaporins, plays 
an important role in reabsorption of water and in concentration of urine. At least 
four different aquaporins participate in these processes (AQP1 through 4) 
[44,55,68,74,98,140], but so far, only one water channel, AQP2, has been shown to 
be essential [31]. AQP2 is uniquely localized to subapical vesicles in principal cells 
of the collecting duct [55]. Upon binding of vasopressin (AVP) to the V2 receptor at 
the basolateral side of the cell, intracellular cAMP levels increase, resulting in phos­
phorylation of AQP2 by protein kinase A (PKA). Subsequently, vesicles containing 
the AQP2 water channels fuse with the apical membrane. Upon removal of AVP, 
AQP2 is internalized by endocytosis [79,106,122,149,191]. 
Nephrogenic diabetes insipidus (NDI) is a disease that is characterized by the 
inability of the kidney to concentrate urine in response to AVP. Until recently, two 
inheritance patterns for this disease had been described. The X-linked form of NDI 
has been shown to be caused by mutations in the AVPR2 gene, coding for the V, 
receptor [147,173]. We have shown that the autosomal recessive form of NDI is 
caused by mutations in the AQP2 gene [31]. In Xenopus oocytes, mutant AQP2 
proteins as encoded in this form of NDI were shown to be retarded in the endo­
plasmic reticulum (ER) and therefore impaired in their routing to the plasma 
membrane [28,116]. 
Recently, it has been described that NDI can also segregate in an autosomal domi­
nant trait [ 10]. In this paper, we report that in NDI patients from a family, in which 
NDI segregates in a dominant fashion, the disease is caused by a missense mutation 
in the C-tail of AQP2. This surprising finding implies interference of a mutant 
AQP2 protein with proper functioning of unaffected AQP2 proteins. In order to 
delineate the molecular cause of NDI in these patients, we investigated the expres­
sion and routing of this mutant AQP2 protein in Xenopus oocytes. 
Methods 
* Patients 
The proband (436) is a 37 year old female patient with congenital nephrogenic dia­
betes insipidus and a 24-hour urinary output of 10 to 12 liters ( 164 ml/kg of body 
weight/24 hours). She had a documented lifelong history of polyuria and polydip­
sia and normal or elevated plasma concentrations of arginine-vasopressin. Her 
daughter (724), born in 1985, progressively showed increased polyuric-polydipsic 
symptoms and her 24 hours urinary output was recently measured at 6 liters (136 
ml/kg of body weight/24 hours). dDAVP infusion studies were carried out as 
described before (0.3 μg/kg of body weight infused in 20 min)[ 13] (Table 1). 
Genetic analysis 
The AVPR2 gene of the proband and her daughter was sequenced with methods 
previously described [11,12]. The AQP2 gene of all the family members was ampli­
fied and sequenced using a primer 5' to the coding region of exon 1 (forward 
primer 5'-GCGAGAGCGAGTGCCCG-3') and a reverse primer flanking the cod-
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ing region of exon 4 except for the terminal three codons (reverse primer 5'-GCG-
GCCCTCAGGCCT-3'), followed by a second amplification, using the reverse 
primer flanking exon 4 and a forward primer flanking exon 4 (5'-GATTAAT-
GTCGGGGAGGAGG-3'). Manual sequencing was done as previously described 
[11]. A G866A transition was identified, resulting in a E258K substitution, which 
correlated perfectly with the polyuric phenotype. Haplotype analysis was carried 
out using AQP2 flanking markers [89]. 
»• DNA constructs and transcription 
To introduce the E258K mutation in an AQP2 expression construct (pT7TsAQP2) 
[31], the G866A transition was introduced in the human AQP2 cDNA using the 
Altered sites II in vitro mutagenesis kit (Promega, Madison. Wl), with the following 
forward primer: 5'-CGGCAGTCGGTGAAGCTTCACTCGCCGCAG-3\ Besides 
the G866A transition, this primer introduces a G to Τ transition at position 871. In 
this way, a Hindlll restriction site is created close to the mutation, without chang­
ing the amino acid sequence. A Nari- Kpn\ fragment of 174 bp, containing the 
transitions, was isolated by gel electrophoresis and inserted into the corresponding 
sites of pT7TsAQP2. 
Using the same technique, an AQP2-S256A mutant was made by introduction of a 
T860G transition in the AQP2 cDNA (forward primer S'-GACGGCGGCAGGCG-
GTGGAGCTGC-3'). Next, a 282 bp BamHl-Kpnl fragment was isolated by gel 
electrophoresis and inserted into the corresponding sites of pT7TsAQP2. 
A truncated AQP2, AQP2-R253*, was created by digestion of pT7TsAQP2 with 
Bsgl and Kpnl. Subsequently, the sites were blunt ended with T4 DNA polymerase, 
and ligated. In this way, the nucleotide sequence coding for all amino acids of 
AQP2 following R253 was deleted, except for the final amino acids K270 and A271. 
The AQP2-R187C construct was as described previously [31]. Clones that were 
identical to the wt AQP2 nucleotide sequence except for the transitions or deletions 
were selected by restriction analysis and subsequent sequence analysis [63]. 
The obtained pT7TsAQP2 constructs were linearized by Sail and capped RNA 
transcripts were synthesized in vitro using T7 RNA polymerase according to 
Promega's (1991) Protocols and Principles guide, except that 1 mM final concen­
trations of nucleotidetriphosphates and 7-methyl-di-guanosine triphosphate were 
used. The cRNAs were purified and dissolved in DEPC-treated water. The integrity 
of the cRNAs was checked by agarose gel electrophoresis and their concentrations 
were determined spectrophotometrically. 
* Water permeability 
Oocytes were isolated from Xenopus laevis, and defolliculated by digestion at room 
temperature for 2 hours with collagenase A (2 mg/ml, Boehringer, Mannheim, 
Germany). Stage V and VI oocytes were selected and incubated at 18°C in modified 
Barth's solution (MBS) supplemented with gentamycine (50 pg/ml) [31]. The day 
after isolation, oocytes were injected with 5 ng to 10 ng of cRNA, and analyzed after 
two or three days in a swelling assay as described before [31 ]. Oocyte swelling was 
performed at 22°C following transfer from 200 mosM to 20 mosM (for the AQP2-
E258K mutant) or 200 mosM to 70 mosM (for other AQP2 proteins). 
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• Immimoblotting 
At three days after injection, oocyte lysates were prepared by homogenization of 8 
oocytes in 160 μΐ homogenization buffer A (HbA: 20 mM Tris (pH 7.4), 5 mM 
MgCl2, 5 mM NaHP0 4,1 mM EDTA, 1 mM DTT, 1 mM phenylmethylsulfonylflu-
oride, 5 μg/ml leupeptin and pepstatin, 80 mM sucrose) at 4°C. Subsequently, the 
lysates were centrifugated twice for 10 min at 125g to remove yolk proteins. At the 
same day, a fraction enriched for plasma membranes was isolated from 25 oocytes 
according to Wall and Patel [184]. 
Lysates or plasma membranes equivalent to 0.1 oocyte or 8 oocytes, respectively, 
were denatured for 30 min at 37°C in sample buffer (2% SDS, 50 mM Tris (pH 6.8), 
12% glycerol, 0.01% Coomassie Brilliant Blue, 100 mM DTT), subjected to 12% 
SDS-PAGE electrophoresis [86] and transferred to a nitrocellulose membrane as 
described [31]. Efficiency of protein transfer was checked by staining the mem­
brane with Ponceau Red. For immunodetection, the membrane was incubated with 
a 1:10,000 dilution of an affinity-purified polyclonal antibody directed against the 
15 C-terminal amino acids of rat AQP2 [28] (AQP2:257-271), or with affinity-
purified antibodies directed against the E loop and C-terminal tail of AQP2 
(AQP2:175-269). This antibody was obtained in the following way: a 282 bp 
ВатШ-Kpnl fragment of AQP2 was cloned in frame behind the cDNA for glu-
tathion S-transferase (GST) in the expression vector pGEX-3X (Pharmacia Biotech, 
Uppsala, Sweden) and transfected to DH50C bacteria. Expression from this con­
struct was induced by IPTG and the resulting fusion-protein was isolated. Rabbits 
were primed with 400 μg of the fusion protein in Freund's adjuvant. After 3 weeks, 
rabbits were boosted with 200 pg of fusion protein in incomplete Freund's adju­
vant, which was repeated until the titer of the rabbit serum was sufficiently high. 
Antibodies were affinity-purified by passing the serum through an Affi-gel 15 col­
umn (Pharmacia Biotech) of a lysate of DH5a bacteria expressing GST followed by 
a column on which the fusion protein was immobilized. Antibodies were eluted 
with 0.1 M glycine (pH 2.8) and directly neutralized. As a secondary antibody, a 
1:5,000 dilution of affinity-purified goat-anti-rabbit IgG conjugated to horse radish 
peroxidase (Sigma Immuno Chemicals, St. Louis, MO) was used. Proteins were 
visualized using enhanced chemiluminescence (Boehringer Mannheim, Germany). 
* Immunocytochemistry 
At 3 days after injection, remaining vitelline membranes were removed and oocytes 
were incubated for 1 hour in 1% (wt/vol) paraformaldehyde fixative (PLP) [110], 
dehydrated, and embedded in paraffin. After blocking with 10% goat serum in 
Tris-buffered saline (TBS), the sections were incubated O/N at 4°C with the affini­
ty-purified polyclonal antibody AQP2:175-269, diluted 1:500 in 10% goat serum in 
TBS. After three washes for 10 min in TBS, the sections were incubated for 1 hour 
in a 1:100 dilution of goat-anti-rabbit IgG coupled to fluorescein isothiocyanate 
(FITC) (Sigma Immuno Chemicals). The sections were again washed three times 
for 10 min in TBS, dehydrated by washing in 70% to 100% ethanol and mounted in 
mowiol 4-88, containing 2.5% NaN3. Photographs were taken with a Zeiss 
Axioskop with epifluorescent illumination with an automatic camera using Kodak 
EPH P1600X films. 
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f lS labeling of AQP2 in oocytes 
Directly after injection of 10 ng cRNA encoding wt AQP2, AQP2-E258K, AQP2-
S256A or a co-injection of 5 ng wt AQP2 and 5 ng AQP2-E258K cRNA, 12 oocytes 
were incubated in 0.5 ml MBS containing 45 pCi TRANbS label (specific activity 
1380 Ci/mmol; ICN Pharmaceuticals, Irvine, CA). The day after injection, the 
medium was replaced. Two days after injection, 10 oocytes were homogenized in 
100 μΐ HbA and oocyte lysates were prepared (see above). 
Phosphorylation and immunoprecipitation of AQP2 
Two days after injection, 10 oocytes were homogenized in 100 μΐ HbA, and 10 
oocytes were homogenized in 100 μΐ HbA without NaHP04. Of this latter 
homogenate, proteins were phosphorylated for 30 minutes at room temperature in 
the presence of 5 mU of the catalytic subunit of protein kinase A (Boehringer 
Mannheim, Germany), 5x10 '' M forskolin, 1x10 " M cAMP and 20 цСі [γί2Ρ]-ΑΤΡ 
(Amersham Life Sciences, Buckinghamshire, UK). Of both batches, oocyte lysates 
were prepared as described above. 
For immunoprecipitation, 10 μΐ of 10% sodium dodecyl sulphate (SDS) was added 
to both these lysates and that oí oocytes labelled with 3jS methionine, and samples 
were incubated for 30 minutes at 37°C. Next, the lysates were centrifugated at 
14.000 rpm for one minute at 4°C, and the supernatant was diluted lOx with 
IPP100 (10 mM Tris pH 8.0, 100 niM NaCl, 0.1% NP-40,0.1% Tween-20). 
10 μΐ protein A agarose beads (Kem-En Tec, Copenhagen, Denmark) was washed 
three times with IPP500 (10 mM Tris pH 8.0, 500 mM NaCl, 0.1% NP-40, 0.1% 
Tween-20) and rotated O/N at 4°C in 500 μΐ IPP500 containing 3 μΐ of the poly­
clonal antibody AQP2:257-271 [28]. The beads were washed by rotation for 30 
minutes at 4°C with fresh IPP500, followed by three short washes in IPP500 and 
one wash with IPP100. Lysate samples, equivalent to 2 oocytes for b S methionine-
or non-labelled oocytes, or 4 oocytes for the 3 2P labelled oocyte homogenates, were 
added to the beads and rotated for 2 hours at 4°C. Subsequently, the beads were 
washed three times with IPP100. After the last wash, the beads incubated with the 
labelled proteins were resuspended in sample buffer (see above). The beads incu­
bated with the untreated proteins were resuspended in 100 μΐ HbA without NaH-
P 0 4 and phosphorylated as described above. Next, these beads were also washed 
three times with IPP100 and resuspended in sample buffer. All samples were incu­
bated for 30 minutes at 37°C, loaded on a 12% acrylamide gel and electrophoresed. 
The gel was stained (0.25% (wt/vol) Coomassie Brilliant Blue, 50% (vol/vol) 
methanol, 10% (vol/vol) acetic acid), destained (25% (vol/vol) methanol, 7% 
(vol/vol) acetic acid), dried, and exposed to a film with an intensifying screen at 
-80°C. 
Fractionation 
The fractionation of oocytes was performed according to Pralong-Zamofmg et al 
[138]. Three days after injection of 10 ng cRNA encoding wt AQP2, AQP2-E258K, 
AQP2-S256A or AQP2-R187C, 80-100 oocytes were homogenized in 1 ml of cold 
buffer A (250 mM sucrose, 1 mM EDTA, and 10 mM Tris-HCl pH 7.5, supple­
mented with 10 mM PMSF and 5 pg/ml pepstatin and leupeptin). The homogenate 
was centrifugated twice at 1,000 g for 10 minutes to remove yolk proteins. The 
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Time (minutes) 
Patient 436 
(proband) 
Patient 724 
(daughter) 
nine patients with 
AVPR2 mutations 
three patients 
homozygous 
for AQP2 mutations 
-60 
113 
112 
44 
r4 
-30 
132 
99 
92 
±fl 
0* 
76 
92 
96 
±12 
93 
~β 
30 
92 
156 
94 
±6 
60 
1 17 
±12 
100 
±6 
90 
366 
375 
_ 
96 
±6 
120 
351 
222 
116 
±10 
94 
±6 
150 
355 
_ 
92 
±6 
180 
180 
158 
110 
±11 
100 
±6 
Table 1 Urinary osmolality measurements (in mmol/kg Η,Ο) before and after dDAVP infusion 
in patients with nephrogenic diabetes insipidus (* dDAVP was infused from 0 to 20 minutes) 
supernatant was layered on a 9 ml linear 12-50% sucrose gradient and centrifuged 
in a Beckmann SW40 Ti rotor for 4 hours at 165,000 g at 4°C. After ccntrifugation, 
the top 1.4 ml of the gradient was removed and 12 fractions of 0.7 ml were collect­
ed. These fractions were diluted with buffer A to 10 ml and membranes were col­
lected by centrifugation for 3 hours at 228,000 g in a Beckmann ТІ70 rotor at 4°C. 
The membrane pellets were taken up in 40 μΐ buffer A without sucrose and 10 μΐ of 
each sample was prepared for immunoblotting. After blotting, immunodetection 
was performed using the affinity-purified polyclonal antibody AQP2:257-271. 
Results 
From the proband (436) and her affected daughter (724) (Fig. 1 ), whose family his­
tory of NDI indicated an autosomal dominant form of inheritance, the V2 receptor 
gene (AVPR2) was sequenced, since mutations in AVPR2 are frequent and AQP2 
mutations are rare, and since their NDI could be caused by skewed inactivation of 
the normal AVPR2 allele. However, no mutations in AVPR2 were found. Subse­
quently, the AQP2 gene of all family members was sequenced. In one allele of the 
AQP2 gene of the proband, a point mutation in exon 4 was found. This G866A 
transition in exon 4 leads to a substitution of a lysine for a glutamic acid at position 
258 (E258K). The same mutation was found in one allele of the AQP2 gene of the 
affected daughter. The other members of the family appeared to be homozygous 
for the normal allele. During dDAVP infusion studies both patients transiently 
increased their urinary osmolalities to -350 mmol/kg Η,Ο (Table 1 ). In patients 
with X-linked nephrogenic diabetes insipidus (AVPR2 mutations) or patients 
with autosomal recessive nephrogenic diabetes insipidus (AQP2 mutations), the 
urine osmolality stayed below 150 mmol/kg H 2 0 (Table 1). All the members of 
the family presented here were examined and tested and no other patients demon-
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Fig. 1 Pedigree with an autosomal dominant inheritance of nephrogenic diabetes insipidus 
The two solid symbols indicate the two affected patients heterozygote for the E258K 
mutation. The 12q13 haplotype is represented and the marker order: centromere-Col2A1-
AFM259vf9-AQP2-D12S131-AFMb007yg5-telomere has been determined in Dr Kucherlapatl's 
laboratory [89]. 
OUT 
R187C. 
IN 
E258K 
S256A' 
R253* 
Fig. 2 Proposed membrane topology of AQP2. Indicated are the amino acid substitution 
causing the dominant form of NDI (E258K) the phosphorylation mutant S256A, the truncation 
mutant R253*, and the mutant R187C found in recessive NDI. 
strated polyuric-polydipsic symptoms. Haplotype analysis using AQP2 flanking 
markers revealed that G866A was a de novo mutation which occurred on the mater-
nal haplotype (mother of the proband) (Fig. 1 ). 
We next tried to address the molecular cause of NDI in these patients. The F.258K 
mutation is located 2 residues downstream from serine 256, the residue which is 
phosphorylated upon stimulation of collecting duct cells by AVP [85]. In an 
LLCPK-1 cell model, it was shown that phosphorylation of this serine is critical for 
vesicles containing AQP2 to fuse with the plasma membrane upon activation by 
forskolin [54,78]. To find out whether distorted phosphorylation of S256 in the 
AQP2-E258K mutant might explain the NDI phenotype in these patients, three 
mutant AQP2 proteins (Fig. 2) were analyzed in Xetiopus oocytes: 1 ) AQP2-E258K, 
the AQP2 mutant encoded in the NDI patient; 2) AQP2-S256A, in which the pro-
tein kinase A phosphorylation site S256 was changed into an alanine; 3) AQP2-
R253*, which lacks the C-terminus of AQP2 following arginine 253, except for the 
last two amino acids. cRNA transcripts from corresponding expression constructs 
were injected into Xenopus oocytes. Three days after injection, water permeabilities 
of wt AQP2, AQP2-S256A and AQP2-R253* were not significantly different from 
each other (Fig. 3). However, the Pf of oocytes expressing the E258K mutant was 
low, but still significantly higher than of water-injected control oocytes (Fig. 3). 
Co-injection of 10 ng of wt AQP2 cRNA and 10 ng of AQP2-E258K cRNA (WT+ 
EK 10+10) revealed that the Pt of oocytes expressing both proteins was higher than 
the Pf of oocytes injected with 10 ng of wt cRNA alone, indicating that a dominant 
negative effect of the AQP2-E258K protein on the function of wt AQP2 is not 
observed in oocytes (Fig. 4). To rule out the possibility that the dominant negative 
effect of the E258K mutant is obscured due to the high expression levels of these 
proteins, oocytes were co-injected with smaller amounts of cRNA. However, even 
in oocytes which were injected with 10 ng of cRNA encoding AQP2-E258K and 
only 1 ng of cRNA encoding wt AQP2, or with 1 ng of cRNA from both constructs, 
no dominant negative effect was observed, because water permeabilities of these 
oocytes were higher or similar compared to those of oocytes injected with 1 ng of 
wt AQP2 cRNA only (Fig. 4). 
Immunoblotting of lysates from oocytes injected with 10 ng of cRNA encoding wt 
AQP2, AQP2E258K, AQP2-S256A, AQP2-R253*, or 5 ng of both wt AQP2 cRNA 
and AQP2-E258K cRNA, revealed that equal amounts of protein were expressed 
(Fig. 5A). The wt and missense AQP2 proteins run at a size of 29 kDa, whereas 
AQP2-R253* is ~2 kDa smaller because this protein lacks 16 amino acids of the C-
terminal tail. No signal was obtained in the lane loaded with lysates from non-
injected control oocytes. To determine the plasma membrane expression of wild-
type and mutant AQP2 proteins, plasma membranes were isolated from oocytes 
and subjected to immunoblotting (Fig. 5B). AQP2-S256A, AQP2-R253», and wt 
AQP2 expressing oocytes showed a comparable level of expression at the plasma 
membrane, but the expression of the E258K mutant was much lower. Control 
oocytes were negative for AQP2. 
To determine the subcellular localization of the mutant AQP2 proteins, immuno-
cytochemistry was performed on paraformaldehyde-fixed oocytes (Fig. 6). Oocytes 
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W T A Q P 2 
AQP2-E258K 
AQP2-S256A 
AQP2-R253* 
water 
— > 
-
— ' 
-
—' 
l i l i 
50 100 150 
Pf (μπΊ/s) 
200 250 
Fig. 3 Osmotic water permeability (P.) of oocytes Three days after injection of water 
or 10 nq of cRNA encoding wt AQP2, AQP2-E258K, AQP2-S256A or AQP2-R253*, 
water permeabilities were measured in a standard swelling assay Mean and SE of at 
least 40 oocytes from 4 different experiments are shown 
WT 10 
WT 1 
EK 10 
EK 1 
WT+EK 10+10 
WT+EK 1+10 
WT+EK 1+1 
water 
( 
—1 
> 
) 50 100 150 200 
Pf (Mm/s) 
2E 0 
Fig. 4 Osmotic water permeability (P.) of oocytes Three days after injection of water or the 
indicated amounts of cRNA encoding wt AQP2 and/or AQP2-E258K (10 ng, 1 ng, 10+10 ng, 
1+10 ng or 1 + 1 ng) water permeabilities were measured in a standard swelling assay Shown 
are mean ± SE of at least 10 oocytes 
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Fig. 5 Immunoblot analysis of AQP2 proteins from oocyte lysates (A) or plasma membranes 
(B). A At three days after injection, lysates were prepared from 8 oocytes injected with water 
(c) or 10 ng of cRNA encoding wt, E258K, wt+E258K (5 ng each), S256A, or R253* AQP2. 
Equivalents of 0.1 oocyte were separated by SDS-PAGE and blotted. В Plasma membranes 
were prepared three days after injection of oocytes injected with water or cRNA encoding wt, 
E258K, wt+E258K (5 ng each), S256A, or R253* AQP2. Equivalents of 8 oocytes were 
separated by SDS-PAGE and immunoblotted. AQP2 proteins were visualized by chemilumines-
cence using AQP2 antibodies as a first antibody and anti-rabbit IgG, conjugated to peroxidase, 
as a second antibody. 
expressing wt AQP2 showed a clear, intense staining of the plasma membrane. In 
contrast, in oocytes expressing the AQP2-E258K mutant protein only a very faint 
plasma membrane staining was detectable, whereas most of the protein was con­
fined to a cytoplasmic region just underneath the plasma membrane. Oocytes 
expressing AQP2-S256A or AQP2-R253*, show a distinct staining of the plasma 
membrane, but it is clear that part of these mutant proteins is also expressed just 
below the plasma membrane. Non-injected oocytes showed no staining with the 
AQP2 antibody. 
To investigate whether phosphorylation of S256 was affected by the E258K muta­
tion, phosphorylation experiments were performed with oocytes injected with 10 
ng of cRNA encoding wt AQP2, AQP2-E258K, or AQP2-S256A, and in oocytes 
injected with both 5 ng of wt AQP2 cRNA and 5 ng of AQP2-E258K cRNA 
(wt+EK). First, the efficiency of immunoprecipitation of these AQP2 proteins was 
tested. To this end, oocytes were incubated in MBS containing 3,S-labeled methio­
nine directly after cRNA injection, to radiolabel all newly synthesized proteins. 
After two days of incubation, AQP2 proteins were immunoprecipitated and sepa­
rated on an acrylamide gel. Fig. 7A shows that the efficiency of immunoprecipita­
tion of wt AQP2, AQP2-E258K, AQP2 wt+EK, and AQP2-S256A was similar. To 
determine whether the E258K mutation interferes with phosphorylation of S256 
and to exclude possible differences in extent of phosphorylation because of differ­
ences in compartimentalisation of the AQP2 proteins in oocytes, AQP2 proteins 
from oocytes of one batch were phosphorylated directly after homogenization, or 
after immunoprecipitation. Fig. 7B shows that phosphorylation of wt AQP2, 
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•Fig. 6 Sections of oocytes expressing AQP2 proteins. Three 
days after injection with cRNA encoding wt (A), E258K (B), 
5256A (C), or R253* (D) AQP2, oocytes were fixed in 
paraformaldehyde As a negative control, water-injected 
oocytes were used (E). The sections were incubated with 
AQP2 antibodies which were visualized with FITC-conjugated 
anti-rabbit immunoglobulins. 
E 
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AQP2-E258K, and AQP2 wt+EK in the oocyte homogenate was identical, and as 
expected, AQP2-S256A was not phosphorylated. Fig. 7C shows that phosphoryla-
tion of wt AQP2, AQP2 wt+EK, and AQP2-E258K after immunoprecipitation 
yields similar results. The radioactive band around 45 kDa is visible in all lanes and 
most likely reflects phosphorylated immunoglobulins. 
To further corroborate the different subcellular localization of wt AQP2, AQP2-
S256A, AQP2-E258K, and AQP2-R187C, a mutant AQP2 reported previously in a 
patient with autosomal recessive NDI [28,31], oocytes expressing these proteins 
were fractionated in a 12-50% sucrose gradient. Fig. 8 shows the distribution of 
AQP2 over 12 fractions of the sucrose gradient. Wild-type AQP2 protein was not 
present in the first 3 fractions. In fraction 4 a small amount of protein was 
detectable, the amount of AQP2 peaked in fraction 7 and 8, and decreased towards 
the higher density fractions. AQP2-E258K and AQP2-S256A are present in all frac-
tions of the gradient, except for fraction 1 and 12 for the S256A mutant. The 
amount of AQP2-F258K protein, but not AQP2-S256A, is highest in fractions 5 
through 8. AQP2-R187C, which has been shown to be ER-retarded [28], is only 
present in fractions 6, 7 and 8 (Fig. 8). The middle band constitutes the 29 kDa 
AQP2 band, the upper band represents the ER-retarded form of AQP2 [28]. 
Discussion 
Recently, we have shown that mutations in the AQP2 gene cause the autosomal 
recessive form of NDI [31,116,178]. Here, we report for the first time that the auto-
somal dominant form of inheritance of NDI is also caused by a mutation in the 
AQP2 gene. Sequence analysis of the AQP2 genes of the family of the patient 
showed that the affected patient and her daughter carried one mutated allele, cod-
ing for a E258K-substituted AQP2 protein, whereas non-affected family members 
were homozygous for the wild-type allele (Fig. 1). Interestingly, all mutations in 
AQP2 reported in recessive NDI are located in between the first and last transmem-
brane domain. In contrast, the new mutation in dominant NDI is located in the C-
terminal tail. This suggests a relationship between the site of mutation and the 
inheritance pattern. As shown for other diseases, a dominant form of inheritance 
occurs when a mutant protein oligomeriz.es with other subunits of a functional 
complex and disturbs the routing or just the function of the complex. Aquaporins 
are known to oligomerize and are present in the plasma membrane as homote-
tramers [ 161,180] and it has been shown that the monomeric form acts as the func-
tional unit [174]. Therefore, the dominant action of AQP2 mutants in NDI can 
only be explained if 1) the mutant is able to oligomerize with wild-type AQP2 and 
2) the complex is disturbed in its routing after oligomerization. 
Swelling tests of oocytes expressing AQP2-E258K revealed a low water permeabili-
ty, which was higher than that of water-injected control oocytes (Fig. 3). 
Immunoblots of lysates of oocytes revealed that AQP2-E258K was as stable as wt 
AQP2, and that this mutant was present as a single band of 29 kDa, representing the 
native form of AQP2 (Fig. 5A). The immunoblots of plasma membranes, however, 
showed that the reduced Pf of this mutant was caused by an impaired routing, 
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Fig. 7 Immunoprecipitation and phosphorylation of 
AQP2 proteins. Oocytes were injected with water (c), 
or 10 ng of cRNA encoding wt, E258K, or S256A 
AQP2, or 5 ng of both wt AQP2 and AQP2-E258K 
cRNA. A After injection, newly synthesized proteins 
were metabolically labeled with 35S-labeled methionine 
for two days. Next, oocytes were homogenized and 
35S labeled AQP2 proteins were immunoprecipitated 
with an AQP2 antibody and subjected to SDS-PAGE. 
В Two days after injection, oocytes were 
homogenized and proteins were labeled with 
[γ^ΡΙ-ΑΤΡ and PKA. AQP2 proteins were immuno­
precipitated and samples were separated by 
SDS-PAGE. С Two days after injection, oocytes 
were homogenized and AQP2 proteins were 
immunoprecipitated. After immunoprecipitation, 
AQP2 proteins were phosphorylated using [γ"Ρ]-ΑΤΡ 
and PKA, and separated by SDS-PAGE. 
Fig. 8 Fractionation of oocytes. Oocytes were injected 
with 10 ng of cRNA encoding wt (A), E258K (B), 
S256A (C), or R187C (D) AQP2. After three days, 
oocytes were homogenized and fractionated by 
centrifugaron over a linear 12-50% sucrose gradient 
From 12 fractions of 0.7 ml, membranes were 
collected and subjected to immunoblotting and AQP2 
proteins were visualized by chemiluminescence. The 
density (g/ml) of these fractions is indicated at the top 
of the figure (1 06-1 16 g/ml). 
because significantly less AQP2-E258K was found in the oolemma compared to wt 
AQP2 (Fig 5B). This was corroborated by the immunocytochemical analysis, which 
revealed that a major fraction of AQP2-E258K was present just underneath the 
plasma membrane, and only some expression was found at the plasma membrane, 
whereas wt AQP2 was only detected in the plasma membrane (Fig 6). 
The fact that some AQP2-F.258K is expressed at the plasma membrane, is in line 
with results from dDAVP infusion studies, in which both patients transiently 
increased their urinary osmolalities (Table 1). These results are contrasting with 
those obtained in patients with X-linked nephrogenic diabetes insipidus (AVPR2 
mutations) or in patients with autosomal recessive nephrogenic diabetes insipidus 
(AQP2 mutations), where a full phenotype, with urinary osmolalities less than 150 
mmol/kg Η,Ο, is regularly observed (Table 1). 
The appearance of AQP2-E258K on immunoblot is remarkably different from 
AQP2 mutants in recessive NDI, because these mutants always showed an addi­
tional band of-32 kDa, which appeared to be an endoplasmic reticulum-retarded 
form of AQP2 [28]. In addition, the subcellular localization of AQP2-E258K differs 
greatly from previously-reported ER-retarded mutant AQP2 proteins, which were 
evenly distributed in the cytoplasm [28,116]. The difference in subcellular distribu­
tion between AQP2-E258K and AQP2-R187C (a mutant AQP2 found in recessive 
NDI) was underscored by their difference in sedimentation velocity in a sucrose 
gradient (Fig. 8). 
The folding and maturation of proteins in the ER is thought to be subjected to a 
stringent 'quality control'. Consequently, misfolded proteins, which are often rec­
ognized on immunoblots as ER-retarded forms, are usually degraded. Oligomeriza-
tion usually takes place in the ER [23,27] or golgi [120]. The E258K mutant is 
apparently properly folded in the ER, is routed to the golgi and is presumably able, 
in contrast to AQP2 mutants in recessive NDI, to oligomerize with wt AQP2. A 
functional oligomerization, however, could not be shown in oocytes, because a 
dominant-negative action of AQP2-E258K on wt AQP2 function was not observed 
(Fig. 4). In aquaporins, the monomer is the functional unit, and oligomerization 
might not be essential for functionality in oocytes. Possibly, a dominant-negative 
effect might be obtained upon co-expression of these proteins in MDCK type 1 
cells, because MDCK cells stably-transfected with an AQP2 expression construct 
have been shown to route and regulate AQP2 in a way which closely resembles the 
vasopressin-regulated AQP2 shuttling in kidney collecting duct cells [34]. 
To identify the cause of the impaired transport of AQP2-E258K, we compared its 
function and routing with wt AQP2, AQP2-S256A and AQP2-R253». In renal col­
lecting duct cells, phosphorylation of AQP2 at S256 by protein kinase A (PKA) is 
thought to be essential for vesicles containing AQP2 to fuse with the apical mem­
brane and become water permeable. This hypothesis has been corroborated by the 
recent finding that in stably-transfected LLCPK[ cells, AQP2-S256A mutants are 
not inserted into the plasma membrane after AVP stimulation, whereas wt AQP2 is 
[54,78]. Since the E258K mutation is located closely to S256, it was hypothesized 
that the dominant mutation might interfere with S256 phosphorylation. When 
tested, however, it appeared that the E258K mutation did not interfere with phos-
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phorylation of S256. AQP2-S256A could not be phosphorylated by PKA, which is 
in line with experiments from others [85] (Fig. 7). 
In contrast to the dominant mutant, the water permeability of oocytes expressing 
AQP2-S256A or AQP2-R253* was not significantly different from wt AQP2 ex-
pressing oocytes (Fig. 3), which was in line with the immunocytochemistry, which 
showed a considerable amount of expression of these mutants in the plasma mem-
brane (Fig. 6). The high water permeability of oocytes expressing AQP2-S256A and 
the high level of expression in the plasma membrane is in contrast to results 
obtained with the same mutant transfected to LLCPK, cells [54,78]. This might be 
partly due to a shuttling machinery of oocytes, which is not so tightly controlled as 
in mammalian cells. In oocytes, for example, the most common mutant in the cys-
tic fibrosis transmembrane conductance regulator, CFTRAF508, is retarded in its 
transport, but a small portion of the mutant protein is found at the plasma mem-
brane [41 ]. Expressed in mammalian cells, however, this mutant is never found at 
the plasma membrane [20]. Sections of oocytes expressing AQP2-S256A or AQP2-
R253* showed, besides a considerable amount of expression in the plasma mem-
brane, some protein in the region just below the plasma membrane (Fig. 6). This 
suggests that phosphorylation triggers some endocytotic vesicles containing AQP2 
to fuse with the plasma membrane, which might explain the increase in AQP2-
mediated water transport in oocytes after treatment with cAMP [85]. This shuttling 
response to phosphorylation in oocytes has also been shown for the Na'/glucose 
cotransporter [65]. Since the water permeabilities of oocytes expressing wt AQP2, 
AQP2-S256A, or AQP2-R253* were not different, we have to conclude that in 
oocytes the C-terminal tail of AQP2, and phosphorylation of S256 in particular, is 
not of critical importance for AQP2 to reach its final destination, the plasma mem-
brane. More importantly, however, the finding that AQP2-R253* is hardly 
impaired in its routing to the plasma membrane shows that the absence of 16 
amino acids of the C-tail, including the region of the E258K mutation, does not 
cause a severe impairment of the routing. Therefore, it very likely that the change 
from a negative into a positive charge in the E258K mutant introduces a golgi 
retention/routing signal instead of a rupture of an genuine AQP2 routing signal. 
In conclusion, we reported that autosomal dominant NDI is caused by a mutation 
in the AQP2 gene. This mutation caused the substitution of a lysine for a glutamic 
acid in the C-terminal tail of AQP2, which did not interfere with phosphorylation 
of S256. In contrast to AQP2 mutants in recessive NDI, which are all impaired in 
their transport from the ER, the E258K mutant was piled up in the golgi, presum-
ably because the substitution introduced a golgi retention/routing signal. In mixed 
tctramers of wild-type AQP2 and AQP2-E258K, retention of the AQP2-E258K 
mutant in such a cell compartment offers an explanation for the dominant form of 
inheritance of NDI in the described family. 
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General discussion 
In 1992, a red cell membrane protein of 28 kDa, of which the function was still 
unknown, was shown to be a molecular water channel by expression in Xenopus 
oocytes [140]. This breakthrough opened a new field of research, which yielded an 
avalanche of information about water channel proteins or aquaporins, which exis-
tence had both been questioned and searched for for many decades. One year after 
the discovery of AQP1, this Ph.D. project was started. At that time, a second water 
channel, AQP2, had just been cloned [55] and little information was available 
about the structure-function relationship of water channels. In the past four years, 
several other mammalian aquaporins and homologs from other species were 
cloned. In the same period, two functional models were proposed, the hourglass 
model for AQP1 by Jung et al. [75], and a model for AQP2 by Bai et al. [6] which is 
substantially different from the hourglass model. In this thesis, studies on the struc-
ture and function of aquaporins in health and disease are described using in vitro 
mutagenesis and expression of the derived mutant aquaporins in Xenopus oocytes. 
The emphasis in this thesis is on AQP2, since naturally occurring mutations in 
AQP2, as found in patients suffering from nephrogenic diabetes insipidus (NDI) 
[28,31,178], offered a unique opportunity to study the effect of mutations on the 
function of the AQP2 water channel. 
The first water channel appeared to be a member of the MIP family of transmem-
braneous proteins. MIP, the major intrinsic protein of lens fiber cells, was cloned in 
1984 [57] and is thought to play a role in the maintenance of lens transparency, but 
the function of this protein was not yet understood. When purified MIP was recon-
stituted into planar lipid bilayers, it behaved as a voltage-dependent ion channel 
with large conductances [45]. However, results from reconstitution experiments in 
planar lipid bilayers have to be interpreted with extreme caution, since also AQP1, 
which is certainly not an ion channel, induces M IP-like conductances upon recon-
stitution into planar lipid bilayers (personal communication, J. Hall). The main 
conclusion in chapter 2 is that when MIP is expressed in Xenopus oocytes, no addi-
tional ion conductances are induced, but a small water permeability is observed 
which is characterized by a low activation energy, indicative of channel-mediated 
water transport. Therefore, MIP was renamed AQPO. Two distinct mutations in 
MIP have been shown to cause cataract in mice, confirming the role of MIP in the 
maintenance of lens transparency [158]. The question is, however, whether this is 
caused by malfunctioning of the water channel aspect, or of another, yet unidenti-
fied function of this abundant lens protein. The two mutations in MIP that cause 
cataract in mice are a point mutation resulting in an amino acid substitution that 
inhibits targeting of MIP to the cell membrane, and a splicing error that substitutes 
the C-terminus of MIP by a divergent sequence, resulting in a non-functional pro-
tein [158]. In chapter 2, it was shown that the C-terminus of MIP is essential for the 
water transport function, because a chimeric MIP protein with the C-tail of AQP1 
did not confer water permeability to oocytes. This suggests that cataract is caused 
by a loss of water channel function of MIP. However, MIP comprises over 60% of 
the total membrane protein in lens fiber cells, and if the only function of MIP 
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would be that of a water channel, then there would be no need for such a high 
expression level. Therefore, MIP is likely to have, besides a water channel function, 
another function which requires high expression levels, for example in cell-cell 
adhesion [111]. Experiments with lenses from mice bearing these MIP mutations 
might shed light on the other physiological role of MIP. 
Mutagenesis studies with AQP1 resulted in a functional model which was called the 
hourglass model [75]. In this model, it is proposed that the very conserved loops В 
and E fold back into the membrane and form together the pore through which 
water transport takes place. We used this model as a starting point for mutagenesis 
studies to investigate the importance of the conserved loops В and E for water 
channel function, by exchanging loops В and E among three aquaporins with dif­
ferent transport characteristics: AQPO, AQP2 and AQP3 (chapter 3). Unfortunate­
ly, most chimeric proteins in which one or both loops were exchanged, were 
impaired in their routing to the plasma membrane. The major fraction of AQPO 
with loops В and E of AQP2 was also misrouted, although part of it was expressed 
at the plasma membrane. No increase in water permeability was measured in 
oocytes expressing this chimeric protein. The low plasma membrane expression 
should be sufficient to increase water permeability of oocytes if loops В and E of 
AQP2 would confer high AQP2 water permeability to AQPO [116]. Therefore, it 
was concluded that loops В and E of AQP2 do not increase water transport through 
AQPO, but this chimeric protein might still function like AQPO, for which the low 
water permeability in combination with low plasma membrane expression might 
not be sufficient to increase water permeability of oocytes. Two chimeric proteins 
were routed properly, and these proteins, AQPO with loop E of AQP2 and AQP2 
with loop В of AQPO, showed exactly the same functional characteristics as the 
unmutated water channels. Loop В of AQPO did not restrict water permeability of 
AQP2, and loop E of AQP2 did not confer high water permeability to AQPO. There­
fore, we concluded that loops В and E might form the water pore, but that other 
parts of the molecule are also important and determine the transport characteristics 
of the pore. For AQPO, for example, it was shown that substitution of one amino 
acid in the fifth transmembrane domain (V160P), increased the water permeability 
by 50% (chapter 2). The C-tail does not seem to play an important role for AQP1, 
because AQP1 with the C-tail of AQPO still functions like AQP1 (chapter 2). 
More evidence that the hourglass model also holds for AQP2 was obtained from 
three new mutations in the AQP2 gene found in patients suffering from autosomal 
recessive nephrogenic diabetes insipidus (NDI). These mutations encoded for 
N68S, T126M, or A147T mutant AQP2 proteins (chapter 4). All mutations in the 
AQP2 gene in NDI that were reported previously [31,178], resulted in mutant 
AQP2 proteins that did not increase the water permeability upon expression in 
Xenopus oocytes, and these mutant proteins were shown to be retarded in the endo­
plasmic reticulum (ER) [28]. The mutant AQP2 proteins resulting from these three 
new mutations were also shown to be ER-retarded, but in spite of this misrouting, 
AQP2-T126M and AQP2-A147T yielded a small increase in P, when expressed in 
oocytes, indicating that they are functional water channels. The location of these 
mutations provided important information on the structure-function relation of 
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AQP2. The T126M and A147T substitutions are located in loop С and at the cyto­
plasmic end of the transmembrane domain between loops С and D. The substitu­
tions which resulted in non-functional mutants are all located in loops В and E and 
in the middle of other transmembraneous domains. This underscores the impor­
tance of loops В and E for water transport. The tolerance for mutations in the С and 
D loop indicates that loops С and D are less important for water transport, which is 
in line with the hourglass model. 
For AQP2, a different functional model was proposed by Bai et al. suggesting that 
loops В and E are not as critical as in the hourglass model, but loops С and D play a 
more important role in the formation of the water pore [6]. Considering the high 
homology between AQP1 and AQP2, it is unlikely that water transport through 
both molecules occurs through totally different pathways. Results from the ex­
change of loops В and E among aquaporins as described in chapter 3 do not exclude 
the probability of this model, but functional results from AQP2 mutants in ND1 
suggest that loops В and E, and not loops С and D are essential for water transport 
(chapter 4). Furthermore, an AQP2-C181S mutant played an important role in 
postulating this divergent functional model for AQP2 [6], whereas this same mu­
tant AQP2 protein proved to be nonfunctional when expressed in our laboratory 
(chapter 5). Bai et al. [6] had reported that in AQP2, like in AQP1 [141,197], sub­
stitution of the mercury-sensitive cysteine by a serine results in a normally func­
tional AQP2 protein of which the water transport is no longer inhibitable by mer­
cury. We originally wanted to use this fact in studies to drag routing-impaired 
AQP2 proteins as found in ND1 to the plasma membrane with the help of a trun­
cated AQP2 protein, a protocol which has been successfully used in studies with 
mutant AQP1 proteins [75]. To be able to discriminate between the water perme­
ability of the mutant AQP2 and the truncated AQP2, we wanted to create mutant 
AQP2 proteins of which the water transport was mercury-insensitive, by changing 
the mercury-sensitive cysteine 181 into a serine. In chapter 5, however, it is 
described how this approach ended prematurely, because introduction of a C181S 
substitution in AQP2 resulted in a non-functional, severely ER-retarded AQP2 
protein. All possible controls that were carried out to solve this discrepancy with 
results from Bai et al. yielded only one conclusion: substitution of the mercury-sen­
sitive cysteine by a serine in AQP1 did not affect the Pt, whereas this substitution in 
AQP2 caused a misrouting of the protein, making this mutation unuseful for the 
proposed studies. The difference in effect of mutagenesis of AQP1 and AQP2 is 
now explained by the more general conclusion that AQP2 is much more suscepti­
ble to disturbances in the structure and the resulting effect on routing than AQP1. 
This does not per se implicate a difference in structure. AQP2 in the collecting duct 
is routed in a more complex way, under the control of the hormone vasopressin, 
and this could result in more strict structural requirements. 
Additional support for the hourglass model stems from 3 dimensional (3D) projec­
tion maps of AQP1. AQP1 forms well-ordered 2-dimensional (2D) crystals upon 
reconstitution of solubilized tetramers in the presence of phospholipids [186]. Pro­
jection maps of AQP1 crystals determined by electron crystallography showed that 
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the AQPl monomer can be interpreted in six to eight alpha helices, which are ori­
ented perpendicular or slightly tilted to the bilayer [91,112,188]. Within each 
monomer, an aqueous domain was observed [112]. The high resolution 3D projec­
tion map of Li et al. [92] revealed that the basic structure of AQPl may be described 
as a cylinder with a trapezoidal cross section. The cylinder is formed by six alpha 
helices, which can be interpreted as the six transmembrane domains. The trape­
zoidal cross section is likely to be an additional short alpha helix, which is part of a 
branched rod-like substructure within the cylinder. This substructure is assumed to 
be formed by the other two hydrophobic regions: loops В and E. These results were 
confirmed by others [9,19]. So the 3D maps shows that the water channel is formed 
by six alpha helices surrounding a pore in which a substructure is found, which is 
formed by loops В and E. This is a further improvement of the hourglass model 
which predicts that loops В and E are folding back into the membrane but form a 
water pore outside the six helices. 
Л more detailed 3D map at higher resolution will be needed to reveal all structural 
details necessary to determine the pore structure of AQPl. Merging structural data 
with results from mutagenesis studies will finally solve the structure-function rela­
tionship of AQPl. Understanding the structure of AQPl will also lead to predic­
tions for the structure of other aquaporins. From our mutagenesis studies, we can 
conclude that the hourglass model also provides a good description of the water 
pore in AQP2. In view of the high homology between the aquaporins, the hourglass 
model might as well predict the structure of the water pore in AQP4 and AQP5. 
However, AQP3, which is also permeable for small solutes, originates from a differ­
ent ancestor which is a glycerol facilitator rather than an aquaporin 1133]. It is still 
debated whether water and solutes use the same pore through AQP3 [43,152]. For 
this aquaporin it might be anticipated that the water pore, and consequently the 
functional model describing this pore, is different from the other aquaporins. 
For NDI, three different inheritance patterns have been described. The X-linked 
form and the autosomal recessive form are caused by mutations in the V, receptor 
gene and mutations in the AQP2 gene, respectively. Mutations in the AQP2 gene in 
autosomal recessive NDI have been shown to cause retardation of AQP2 proteins 
in the ER [28]. However, in spite of misrouting, oocytes expressing AQP2-T126M 
and AQP2-A147T yielded a small, but significant increase in Pt, indicating that they 
are functional water channels. Therefore, it was concluded that the major cause 
underlying autosomal recessive NDI is the misrouting of AQP2 mutants (chapter 
4). The reason why these mutant AQP2 proteins are retarded in the F.R is not exact­
ly known. Mutant AQP2 proteins probably don't fold properly, and are retained by 
the 'ER quality control'. Attempts should be undertaken to find ways to overcome 
the ER retention of the functional AQP2 mutants, and to promote trafficking of 
these proteins to the plasma membrane. The use of molecular chaperones, for 
example, may provide tools for treatment of this form of NDI. 
Recently, a third inheritance pattern of NDI, the autosomal dominant form, has 
been reported in two independent families [10]. Two different mutations were 
identified in only one allele of the AQP2 gene of the patients [10]. In contrast to 
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AQP2 mutants in recessive NDI, in which the mutations are located in the trans-
membraneous regions or the connecting loops, these mutations in dominant NDI 
are located in the C-terminal tail of AQP2. In chapter 6, the function and routing in 
oocytes of one of these mutant AQP2 proteins in autosomal dominant NDI, AQP2-
E258K, is described. The AQP2-E258K mutant was shown to be retarded, not like 
the mutant AQP2 proteins in recessive NDI in the ER, but in the golgi or a post-gol-
gi compartment. The reason for this retardation may be that the substitution in the 
C-tail introduces a golgi retention signal, which might change AQP2 from an endo-
somally recycling protein to a protein that is targeted to the trans golgi network. In 
AQP2, the E258K substitution causes a change from the sequence SVEL to SVKL, 
replacing a negative charge (E) by a positive charge (K). A database search did not 
identify this sequence as a known routing signal, indicating that this mutation might 
reveal a not yet identified routing signal. Studies of truncated AQP2-E258K proteins 
will reveal the importance of this putative routing signal. The introduction of a 
retention signal could also explain the dominant character of this AQP2 mutant. In 
mammalian cells, aquaporins are expressed at the plasma membrane as tetramers, 
and if wild-type AQP2 and the dominant AQP2 mutant form mixed tetramers, the 
routing of the whole tetramer could be changed. Tetramerization of aquaporins 
presumably takes place in the ER [23,27] or in the golgi [120]. In oocytes, however, 
the dominant effect of the E258K mutant could not be shown. This raises the ques-
tion where, and if, tetramerization of aquaporins takes place in oocytes. 
Not all mutations in the C-tail of AQP2 lead to a dominant inheritance pattern, as 
was shown for a patient with an autosomal recessive form of NDI who was found to 
be a compound heterozygote for two mutations in the AQP2 gene, leading to 
A190T- and P262L-substituted AQP2 proteins. The P262L substitution is located 4 
amino acids downstream from the E258K substitution in the C-tail of AQP2. How-
ever, the reason for dysfunctioning of AQP2-P262L is still unknown because in 
oocytes the function and routing of this protein was identical to wt AQP2 [76]. 
The putative existence of routing signals in the C-tail of AQP2 opens new possibil-
ities for research on regulation of AQP2. Evidence for the shuttle hypothesis of vesi-
cles containing AQP2 has been shown, but the molecular machinery needed for the 
shuttling of vesicles is still largely unknown. It has been shown that phosphoryla-
tion of AQP2 at the C-tail plays a key-role in the targeting of AQP2 from intracel-
lular vesicles to the plasma membrane [54,78], and presumably there are more, yet 
unidentified targeting signals or binding motifs in the C-tail of AQP2 that are 
essential for proper routing of the protein. To identify the small binding proteins 
which are involved in the targeting of AQP2 to the plasma membrane, protein-pro-
tein interactions can be unraveled using the yeast-two-hybrid system. 
So far, only dysfunction of AQPO and AQP2 has been related to a disease [31,158], 
and therefore the physiological importance of the other aquaporins is still 
unknown. The physiological importance of AQP1 is still a matter of debate. Its 
wide tissue distribution suggests an important physiological role, but people who 
lack a functional AQP1 do not have any apparent clinical symptoms [143]. Howev-
er, thorough assessment of kidney function, eye function and liquor production 
has not yet taken place, and could unmask subclinical manifestations. It could be 
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that the role of AQP1 in these people is taken over by upregulation of other water 
channels, or even by cotransporters. Recently it was shown that water transport is 
directly linked to solute cotransport proteins such as the small intestine brush bor-
der NaVglucose cotransporter. It was demonstrated that 260 water molecules are 
directly coupled to each sugar molecule transported, suggesting that cotransporters 
play an important role in water homeostasis [94]. 
Transgenic mice deficient for distinct aquaporins will yield valuable information 
about the physiological importance of these aquaporins. Recently, a transgenic 
knock-out mouse lacking AQP4 has been generated [100]. Preliminary studies 
revealed that AQP4 deletion has no effect on development, survival, growth and 
neuromuscular function, but produced a small defect in urinary concentrating 
ability. Interestingly, no other aquaporins were upregulated. Although this pheno-
typic analysis is preliminary, it is obvious that lack of AQP4 in these mice is, like 
AQP1 deficiency in humans, not of critical importance. It might be that AQPO and 
AQP2 will remain the only water channels whose dysfunction is linked to a clinical 
manifestation. Strikingly, these two aquaporins are the only water channels whose 
expression is limited to only one specialized cell type. 
In this thesis, Xenopus oocytes were used as an expression system for water chan-
nels. This system has many advantages, such as the simplicity of isolation and cul-
turing of these cells, the enormous translational capacity of these oocytes, and a rel-
atively easy method to inject and measure the water permeability of oocytes in a 
standard swelling assay using video-microscopy. However, the disadvantage of 
Xenopus oocytes is that it is an unpolarized cell, and the routing machinery of these 
cells is far from as advanced as of mammalian polarized epithelial cells as for exam-
ple kidney collecting duct cells. When mutations are studied that cause a routing 
problem, care should be taken in the interpretation of results, and transfcction of 
mammalian cells should be the next step to confirm results as revealed by the 
oocyte expression system. The polarized MDCK cell line which has been used for 
stable transfection with AQP2 (WT10) not only possesses the required routing 
machinery comparable with collecting duct principal cells, but also contains a V, 
receptor [34]. 
An example for different results in oocytes and cultured mammalian cells is the 
AQP2 mutant in which the phosphorylation site has been replaced by an alanine, 
which is hardly impaired in its routing to the oolemma (chapter 6), but in LLCPKj 
cells phosphorylation at this site appears to be critical for the AQP2 protein to be 
inserted into the plasma membrane [54,78]. Although oocytes have been very use-
ful to demonstrate the routing problem of the AQP2-E258K mutant protein (chap-
ter 6), and will be useful to show the importance of the targeting motif introduced 
by the E258K mutation, the dominant behaviour of the AQP2-E258K mutant 
could not be demonstrated in oocytes, which demands expression in mammalian 
cells. In addition, oocytes might not be the best system to measure ion conduc-
tances upon expression of channel proteins. Yool et al. published that AQP1 
induces cationic conductances in oocytes after forskolin stimulation [194], which 
could not be reproduced by other groups [2,30,48,134,153,182]. 
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The search for new aquaporins will continue and more surprises can be anticipated. 
So far, the discovery of aquaporins has greatly enhanced our insight in the physiol-
ogy of water transport. However, the picture is far from complete. Why are several 
aquaporins expressed in the same tissue, and what is the physiological importance 
of these aquaporins? The growing family of AQPs may harbour causes for other 
hereditary diseases. The absence of clinical symptoms in persons with AQP1 
knock-out mutations is still puzzling and asks for further studies. Experiments with 
transgenic knockout mice will probably answer many questions. High resolution 
structural analysis of AQP1 crystals will be needed to finally visualize the structure 
of the water pore. Understanding of this structure might provide new AQP-
inhibitors which can be used as aquaretics. For AQP2, the emphasis will be on 
unravelling the molecular machinery involved in vesicle targeting, and solving the 
routing problem of misrouted water channels, which might eventually lead to ther-
apeutic strategies in the autosomal form of NUI. 
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Chapter Ά 
Summary / 
Samenvatting 
Summary 
In certain cell types, the water permeability is much higher than can be explained 
by diffusion of water through the lipid bilayer alone. The discovery of molecular 
water channels, called aquaporins, has provided insight into the mechanism of this 
rapid water transport across biological membranes. Aquaporins are involved in 
many physiological processes in the human body that demand rapid water trans­
port, like the concentration of urine in the kidney, the production and reabsorption 
of cerebrospinal fluid, fluid secretion in salivary and lacrimal glands, and lung 
water homeostasis. Several mammalian aquaporins have been cloned, and more 
aquaporins are expected to be discovered. 
In this thesis, studies on the structure and function of aquaporins in health and dis­
ease are described, using mutagenesis and expression of the resulting mutant water 
channels in Xaiopus oocytes. Chapter 1 gives an overview of the cellular and tissue 
distributions, genetics, functional characteristics and structural features of the 
mammalian aquaporins cloned until now. All aquaporins share common structur­
al features, characteristic for members of the MIF family of transmembrane pro­
teins. The proteins are predicted to contain six transmembrane regions, connected 
by loops A through E, with intracellular amino- and carboxy termini. The intracel­
lular loop В and the extracellular loop E contain a stretch of amino acids, called the 
NPA box, which is conserved among all aquaporins. The water transport through 
most aquaporins can be blocked by binding of mercury to a cysteine located close 
to the second NPA box in loop E. Aquaporins are selective for water, although 
some, in particular AQP3, are also permeable for small polar solutes like urea and 
glycerol. 
The prototype of the MIP family, the major intrinsic protein of lens (MIP), is 
thought to play a role in the maintenance of lens transparency. This protein was 
cloned more than a decade ago [57], but the function of MIP was not yet under­
stood, although it behaved as a voltage-dependent ion channel upon reconstitution 
in planar lipid bilayers [45]. In view of the high homology between MIP and AQP1, 
previously called CHIP, we decided to study the water channel characteristics of 
MIP in oocytes, in comparison to AQP1. In chapter 2 it is described that MIP does 
not induce ion conductances in oocytes, but instead functions as a water channel 
with a low water permeability, compared to the high water permeability conferred 
by AQP1. To identify structures or amino acids responsible for the difference in 
water permeability between MIP and AQP1, recombinant MIP proteins and MIP 
proteins with single amino acid substitutions were expressed in oocytes. Introduc­
tion of a proline in the 5th transmembrane domain yielded a 50% increase in water 
permeability, suggesting that simple alterations can make MIP a more efficient 
water channel. It was concluded that MIP functions as a water channel in lens and 
MIP was rebaptized as AQPO. However, in view of the abundant expression of MIP, 
which comprises over 60% of the total membrane proteins in lens fibers, it may also 
have another essential function. 
For AQP1, mutagenesis studies led to the proposal of a functional model, called the 
hourglass model [75]. This model predicts that the conserved loops В and E fold 
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back into the membrane and form together the pore through which water transport 
takes place. This hourglass model was used as a starting point in a study in which 
the importance of loops В and E for water channel function was investigated, by 
exchanging loops В and E among three aquaporins with different transport charac­
teristics: AQPO, AQP2 and AQP3 (chapter 3). Unfortunately, most proteins in 
which loops had been exchanged were not expressed at the plasma membrane, due 
to misrouting. However, oocytes expressing AQPO with loop E of AQP2 and AQP2 
with loop В of AQPO yielded water permeabilities which were equal to the water 
permeabilities of oocytes expressing the unmutated proteins. AQPO with both 
loops В and E of AQP2 did not increase water permeability in oocytes and was part­
ly misrouted, but the plasma membrane expression was high enough to conclude 
that loops В and E of AQP2 did not confer high AQP2 water permeability to AQPO, 
but it might still function like AQPO. These results show that the water permeabili­
ty of one aquaporin is not influenced by loops В and/or E of another aquaporin and 
suggest that if loops В and E form the water pore, other parts of the protein are 
important for the tertiary structure that determines the magnitude of water perme­
ability. 
Recently, it has been reported that mutations in the gene for AQP2 are the cause for 
the autosomal recessive form of nephrogenic diabetes insipidus (NDI) [31], a dis­
ease that is characterized by the inability of the kidney to concentrate urine in 
response to vasopressin. Upon expression of the NDI-related mutant AQP2 water 
channels in oocytes, it was shown that these proteins were retarded in the endo­
plasmic reticulum (ER) [28]. In chapter 4, three new mutations in the AQP2 gene 
causing autosomal recessive nephrogenic diabetes insipidus are reported, resulting 
in N68S-, T126M-, or A147T-substituted AQP2 proteins. All three AQP2 mutants 
were retarded in the ER. In spite of this misrouting, AQP2-T126M and AQP2-
A147T yielded a relatively small, but significant increase in water permeability in 
oocytes, indicating that they are functional water channels. Therefore, it was con­
cluded that the major cause underlying autosomal recessive NDI is the misrouting 
of AQP2 mutant proteins. The location of NDI-related mutations in AQP2 provid­
ed important information on the structure-function relationship of AQP2. The 
A147T and T126M mutations are located in loop С and in the transmembrane 
region between loop С and D. The mutations resulting in non-functional water 
channels are located in loops В and E and in the other transmembrane regions. This 
suggests a critical importance of loops В and E in water transport, and a relatively 
minor importance of loops С and D, which is in line with the hourglass model as a 
functional model for AQP2. 
For AQP1, it has been described how a truncated AQP1 was used to drag routing-
impaired AQP1 mutant proteins to the plasma membrane [75]. We wanted to use 
the same approach for misrouted AQP2 proteins as found in NDI. To be able to 
discriminate between truncated and mutant AQP2 proteins, we wanted to create 
differences in mercury sensitivity of water transport. In chapter 5, however, it is 
described how an attempt to drag misrouted AQP2 proteins to the plasma mem­
brane failed, because of unanticipated differences between AQP1 and AQP2 in the 
effect of mutagenesis of the mercury sensitive cysteine. For both AQP1 and AQP2 it 
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has been reported that replacement of the mercury sensitive cysteine (C189 and 
C181, respectively), by a serine resulted in a functional, but mercury insensitive 
water channel [6,141 j . In this chapter, however, we show that this holds for AQP1, 
but the same mutation in AQP2 causes a severe routing problem. 
For AQP2, a different functional model was proposed suggesting that loops В and E 
are not as critical as proposed in the hourglass model, but that loops С and D are 
located close to the water pore [6]. However, the AQP2-C181S mutant, which we 
showed is severely disturbed in its routing (chapter 5), played an important role in 
postulating this model. Additionally, functional results from NDI-related AQP2 
mutants are not in line with this model, but corroborate the hourglass model 
(chapter 4). 
In chapter 6 it is described that also the autosomal dominant form of NDI is caused 
by a mutation in the AQP2 gene. This mutation, leading to a E258K-substituted 
AQP2 protein, is located in the C-terminal tail of AQP2, close to the protein kinase 
A phosphorylation site. However, phosphorylation of AQP2 was not affected by the 
mutation. Expression of AQP2-E258K in oocytes yielded a low water permeability 
in combination with a low plasma membrane expression. The dominant behaviour 
of the mutant protein could not be demonstrated in oocytes. In contrast to the 
AQP2 mutants as encoded in autosomal recessive NDI, the AQP2-E258K mutant 
was not retarded in the ER but in a golgi or post-golgi compartment, presumably 
because the E258K substitution introduces a golgi retention signal. This could also 
explain the dominant behaviour of this protein, if the mutant protein forms mixed 
tetramers with wild-type AQP2 and when the mixed tetramer is consequently mis-
routed. 
Finally, the results obtained are evaluated in chapter 7, and a summary is provided 
in chapter 8. 
This thesis has generated new facts about the structure-function relationship of 
aquaporins. However, there are still many questions to be answered. It can be antic­
ipated that new aquaporins will be discovered, and the physiological importance of 
most aquaporins still has to be shown. More detailed knowledge about the struc­
ture-function relationship of aquaporins will provide tools for stimulation or inhi­
bition of water transport in clinical situations in which water transport is either 
inappropriate low or high. 
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Samenvatting 
In een aantal celtypen is de waterpermeabiliteit veel hoger dan op grond van diffu-
sie door de lipide bilaag verklaard kan worden. De ontdekking van moleculaire 
waterkanalen, genaamd aquaporines, heeft inzicht verschaft in het mechanisme van 
dit snelle watertransport over biologische membranen. Aquaporines zijn betrokken 
bij veel fysiologische processen in het menselijk lichaam die snel watertransport 
vereisen, zoals de concentrering van urine in de nier, het produceren en reabsorbe-
ren van cerebrospinale vloeistof, de productie van speeksel en traanvocht, en het 
handhaven van de waterhomeostase in de long. Een aantal humane aquaporines is 
gekloneerd en naar verwachting zullen er nog meer aquaporines ontdekt worden. 
In dit proefschrift worden studies beschreven naar de structuur en functie van 
aquaporines in gezondheid en ziekte, uitgevoerd met behulp van mutagenese en 
expressie van de resulterende mutante waterkanalen in Xenopus oöcyten. Hoofd-
stuk 1 geeft een overzicht van de cellulaire- en weefseldistributie, genetica, functio-
nele karakteristieken en structurele kenmerken van de waterkanalen van zoogdie-
ren die tot nu toe zijn gekloneerd. Alle aquaporines hebben overeenkomstige 
structurele kenmerken, die karakteristiek zijn voor leden van de MIP familie van 
transmembraaneiwitten. Deze eiwitten bevatten zes transmembraandomeinen, die 
met elkaar verbonden zijn door lus A tot en met E, met intracellulaire amino- en 
carboxytermini. De intracellulaire lus В en de extracellulaire lus E bevatten een 
reeks van aminozuren, die het NPA motief wordt genoemd en die geconserveerd is 
tussen alle aquaporines. Het watertransport door de meeste aquaporines kan wor­
den geremd door binding van kwik aan een cysteine die zich vlakbij het tweede 
NPA motief bevindt. De meeste aquaporines zijn selectief voor water, hoewel enke­
le, met name AQP3, behalve water ook kleine verbindingen als ureum en glycerol 
transporteren. 
Het prototype van de MIP familie, het 'major intrinsic protein' (MIP) van de lens, 
speelt waarschijnlijk een rol in het handhaven van de transparantheid van de lens. 
Dit eiwit werd al meer dan tien jaar geleden gekloneerd [57], maar de functie van 
MIP is nog niet opgehelderd, hoewel MIP functioneert als een voltage-afhankelijk 
ionkanaal na reconstitutie in planaire lipide bilagen |45]. Gezien de grote nomolo­
gie tussen MIP en AQP1, die voorheen CHIP werd genoemd, besloten we de water-
kanaaleigenschappen van MIP te bestuderen in oöcyten en die te vergelijken met 
AQP1. In hoofdstuk 2 wordt beschreven dat MIP geen ionconductanties induceert 
in oöcyten, maar juist functioneert als een waterkanaal met een lage waterperme-
abiliteit, vergeleken met de hoge waterpermeabiliteit van AQP1. Om de structuren 
of aminozuren te identificeren die verantwoordelijk zijn voor het verschil in water-
permeabiliteit tussen MIP en AQP1, werden recombinante MIP eiwitten en MIP 
eiwitten waarin enkele aminozuren waren vervangen, tot expressie gebracht in 
oöcyten. De introductie van een proline in het vijfde transmembraan segment 
resulteerde in een toename in waterpermeabiliteit van 50%, wat suggereert dat klei-
ne veranderingen in MIP het een efficiënter waterkanaal kunnen maken. Er werd 
geconcludeerd dat MIP functioneert als een waterkanaal in de lens en MIP werd 
omgedoopt tot AQPO. Gezien de hoge expressie van MIP, die meer dan 60% van de 
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totale membraaneiwitten in lensvezels vormt, kan MIP echter ook nog een andere 
essentiële functie hebben. 
Resultaten van mutagenesestudies hebben voor AQP1 geleid tot een functioneel 
model dat het zandlopermodel wordt genoemd. Dit model voorspelt dat de gecon-
serveerde lussen В en E terugvouwen in de membraan en zo samen de porie vormen 
waardoor watertransport plaatsvindt. Dit zandlopermodel werd gebruikt als uit­
gangspunt voor een studie waarin het belang van de lussen В en E voor de waterka-
naalfunctie is bestudeerd, door lussen В en E te verwisselen tussen drie aquaporines 
met verschillende transporteigenschappen: AQPO, AQP2 en AQP3 (hoofdstuk 3). 
Helaas werden de meeste eiwitten waarin lussen waren verwisseld niet tot expressie 
gebracht in de plasmamembraan doordat ze gestoord waren in hun transport. Ech­
ter, AQPO met lus E van AQP2 en AQP2 met lus В van AQPO gaven in oöcyten een 
watertransport dat vergelijkbaar was met het watertransport van de ongemuteerde 
eiwitten. AQPO met zowel lus В als E van AQP2 gaf geen verhoogde waterperme-
abiliteit van oöcyten en was merendeels gestoord in het transport, maar de expres-
sie in de plasmamembraan was hoog genoeg om te kunnen concluderen dat door 
lus В en E van AQP2 de waterpermeabiliteit van AQPO niet verhoogd wordt. Deze 
resultaten tonen aan dat de waterpermeabiliteit van de ene aquaporine niet wordt 
beïnvloed door lus В en/of E van een andere aquaporine, en suggereren daarom 
dat, indien de lussen В en E de waterporie vormen, andere gedeelten van het eiwit 
van belang zijn voor de tertiaire structuur die de mate van watertransport bepaalt. 
Recent is aangetoond dat mutaties in het AQP2 gen de oorzaak zijn van de auto-
somaal recessieve vorm van nefrogene diabetes insipidus (NDI) [31], een ziekte die 
gekarakteriseerd wordt door het onvermogen van de nier om urine te concentreren 
in respons op Vasopressine. Door expressie van de NDI-gerelateerde mutante 
AQP2 waterkanalen in oöcyten werd aangetoond dat deze eiwitten geretardeerd 
zijn in het endoplasmatisch reticulum (ER) [28]. In hoofdstuk 4 worden drie nieu-
we mutaties in het AQP2 gen beschreven die autosomaal recessieve NDI veroorza-
ken en die resulteren in N68S-, T126M-, of A147T-gesubstitueerde AQP2 eiwitten. 
Alle drie de AQP2 mutanten waren geretardeerd in het ER. Ondanks het verstoor-
de transport, gaven AQP2-T126M en AQP2-A147T een relatief kleine, maar signi-
ficante toename in de waterpermeabiliteit van oöcyten, wat aangeeft dat het func-
tionele waterkanalen zijn. Daarom werd geconcludeerd dat het verstoorde 
transport van mutante AQP2 eiwitten de voornaamste oorzaak is die ten grondslag 
ligt aan autosomaal recessieve NDI. De lokatie van de NDI-gerelateerde mutaties in 
AQP2 leverde belangrijke informatie op over de structuur-functie relatie van 
AQP2. De A147T en T126M mutaties zijn gelokaliseerd in lus С en in het trans-
membraandomein tussen lus С en lus D. De mutaties die resulteren in niet-func-
tioncle waterkanalen zijn gelokaliseerd in de lussen В en E en in de andere trans-
membraandomeinen. Dit suggereert dat de lussen В en E van kritisch belang zijn 
voor watertransport en dat de lussen С en D relatief minder belangrijk zijn, wat in 
overeenstemming is met het zandlopermodel als functioneel model voor AQP2. 
Voor AQP1 is beschreven hoe een getrunceerd AQP1 eiwit gebruikt is om AQP1 
mutanten, die gestoord zijn in hun transport, naar de membraan te trekken [75]. 
Wij wilden dezelfde aanpak gebruiken voor transport-gestoorde AQP2 eiwitten, 
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zoals die gevonden zijn in NDI. Om onderscheid te kunnen maken tussen getrun-
ceerde en mutante AQP2 eiwitten, wilden we verschillen introduceren in kwik-
gevoeligheid van het watertransport. In hoofdstuk 5 wordt echter beschreven hoe 
een poging om deze transport-gestoorde AQP2 eiwitten naar de plasmamembraan 
te trekken, mislukte door onverwachte verschillen tussen AQP1 en AQP2 in het 
effect van mutagenese van de kwik-gevoelige cysteine. Voor zowel AQP1 als AQP2 
was beschreven dat vervanging van de kwik-gevoelige cysteine (С 189 en C181, 
respectievelijk) door een serine resulteerde in een functioneel, maar kwik-ongevoe­
lig waterkanaal [6,141]. In dit hoofdstuk laten we echter zien dat dit wel opgaat 
voor AQP1, maar dat dezelfde mutatie in AQP2 een ernstige verstoring van het 
transport veroorzaakt. 
Voor AQP2 is een ander functioneel model voorgesteld, dat suggereert dat de lus­
sen В en E niet zo belangrijk zijn als werd voorspeld in het zandlopermodel, maar 
dat juist de lussen С en D zich dichtbij de waterporie bevinden [6]. De AQP2-
C181S mutant speelde echter een belangrijke rol in de totstandkoming van dit 
model, terwijl wij hebben laten zien dat deze mutant ernstig gestoord is in het 
transport (hoofdstuk 5). Bovendien zijn functionele resultaten van NDI-gerelateer-
de AQP2 mutanten niet in overeenstemming met dit model, maar ondersteunen 
het zandlopermodel (hoofdstuk 4). 
In hoofdstuk 6 is beschreven dat ook de autosomaal dominante vorm van NDI 
wordt veroorzaakt door een mutatie in het AQP2 gen. De mutatie, die leidt tot een 
E258K substitutie in AQP2, is gelokaliseerd in de C-terminus van AQP2, vlakbij de 
proteïne kinase A fosforylatieplaats. Fosforylatie van AQP2 werd echter niet beïn-
vloed door de mutatie. Expressie van AQP2-E258K in oöcyten resulteerde in een 
lage water permeabiliteit in combinatie met een lage plasmamembraanexpressie. 
Het dominante karakter van het mutante eiwit kon niet worden aangetoond in 
oöcyten. In tegenstelling tot de AQP2 mutanten in autosomaal recessieve NDI, was 
de AQP2-E258K mutant niet geretardeerd in het ER, maar in een golgi of post-gol-
gi compartiment, wat waarschijnlijk wordt veroorzaakt doordat de E258K substitu-
tie een golgi-retentiesignaal introduceert. Dit zou ook het dominante gedrag van 
dit eiwit kunnen verklaren als het mutante eiwit gemengde tetrameren vormt met 
wild-type AQP2, en de hele tetrameer vervolgens gestoord wordt in het transport. 
Tot slot worden de verkregen resultaten geëvalueerd in hoofdstuk 7 en wordt een 
samenvatting gegeven in hoofdstuk 8. 
Dit proefschrift heeft nieuwe kennis opgeleverd over de structuur-functie relatie 
van aquaporines. Er blijven echter nog vele vragen onbeantwoord. Het ligt in de lijn 
der verwachtingen dat nieuwe aquaporines worden ontdekt en het fysiologische 
belang van veel aquaporines moet nog worden aangetoond. Gedetailleerde kennis 
van de structuur-functie relatie van aquaporines kan mogelijkheden verschaffen 
om watertransport te remmen of te stimuleren in klinische situaties waar water-
transport ontregeld is. 
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Lieve Remco, bedankt voor dat waar het uiteindelijk allemaal om gaat: gelukkig 
zijn. Na een periode van hard werken is het nu tijd voor iets heel anders! 
134 DANKWOORD 
Curriculum Vitae 
Sabine Mulders werd 5 april 1969 geboren in Silvolde. In 1987 werd het ongedeeld 
VWO diploma behaald aan het Isaia College te Silvolde. Aansluitend studeerde zij 
Gezondheidswetenschappen aan de Faculteit der Medische Wetenschappen, 
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(cum laude). 
Vervolgens liep ze twee extra stages in het kader van een aanvullend doctoraalexa-
men Gezondheidswetenschappen bij de afdeling Celbiologie (Prof. B. Wieringa) en 
het Department of Physiology, University of Michigan, Ann Arbor, USA (Prof. J.A. 
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in dienst van de Nederlandse Organisatie voor Wetenschappelijk Onderzoek, bij de 
afdeling Celfysiologie van de Faculteit der Medische Wetenschappen, Katholieke 
Universiteit Nijmegen. Hier voerde zij onder leiding van Prof. C.H. van Os en Dr. 
P.M.T. Deen het in dit proefschrift beschreven onderzoek uit. Van februari 1994 tot 
juli 1994 werd een werkbezoek gebracht aan de groep van P. Agre, Ml), Depart-
ments of Biological Chemistry, Medicine, and Physiology, The Johns Hopkins Uni-
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behorende bij het proefschrift 
Structure and function of aquaporins 
in health and disease 
Het zandlopermodel (hourglass model) blijkt een realistisch model te zijn voor de 
structuur van de waterporie in zowel AQP1 als AQP2. De structuur van de water-
porie van AQP4 en AQP5 zal waarschijnlijk vergelijkbaar zijn, gezien de grote 
homologie met AQP1 en AQP2. 
AQP3 vertoont meer homologie met de glycerol transporters dan met de aquapori-
nes en zou een waterporie kunnen hebben die structured anders is. 
Het integreren van resultaten uit twee verschillende disciplines, electron crystallo-
grafie en in vitro mutagenese, zal uiteindelijk moeten leiden tot een gedetailleerd 
3-dimensionaal structuur-functie model voor aquaporines. 
De ontdekking van individuen bij wie een functioneel AQP1 ontbreekt en deson-
danks fenotypisch normaal zijn (Preston et al. (1994) Science 265:1585-1587), was 
een eerste aanwijzing dat het fysiologisch belang van sommige aquaporines niet zo 
groot is als werd gedacht. 
AQP2 is gevoeliger voor een verstoring van het transport van het eiwit naar de 
plasmamembraan ten gevolge van structurele veranderingen dan AQP1, dit maakt 
AQP2 minder geschikt voor plaats-gerichte mutagenese studies. 
Conductantiemetingen aan geïsoleerde kanaaleiwitten die in planaire lipide bilagen 
zijn gereconstitueerd (Ehringet al. (1990) } Gen Physiol 96:631-664) kunnen resul-
taten opleveren die niet in overeenstemming zijn met de in vivo situatie. 
De bevinding dat AQP1 een forskoline-geïnduceerde conductantie veroorzaakt in 
Xenopus oöcyten (Yool et al. (1996) Science273:1216-1218), kon door 6 verschillen-
de groepen niet worden gereproduceerd, en berust waarschijnlijk op een artefact in 
de conductantiemetingen. 
De tijdwinst die wordt behaald door gebruik van oöcyten van de klauwpad als 
expressiesysteem voor membraaneiwitten, vergeleken met transfectie van zoogdier-
cellen, wordt vaak teniet gedaan door het feit dat de oöcyten minimaal 3 maanden 
per jaar onbruikbaar zijn doordat de vrouwelijke padden de lente in hun kop heb-
ben. 
Bij de metabole labeling van eiwitten met behulp van bS-gelabeld methionine, 
moet men bedacht zijn op het vrijkomen van radioaktieve gassen die de werkomge-
ving sterk radioaktief kunnen besmetten (Meisenhelder and Hunter (1988) Nature 
335:120). 
Door de grote druk om te publiceren komt de onderzoeker/assistent 'in opleiding' 
(OIO/AIO) vaak te weinig toe aan het volgen van onderwijs. 
De stijging in salaris van een AIO of OIO gedurende de 4 jaar is noodzakelijk om 
uiteindelijk in staat te zijn de promotie te kunnen betalen. 
Het succes van de Tamagotchi (computereitje om lief te hebben) is een teken dat 
we in deze snelle maatschappij onze zorginstincten niet meer kunnen bevredigen, 
of dat een deel van de mensheid zich stierlijk verveelt (De Gelderlander). 
Bij de weersvoorspelling op de televisie is het een trend om in steeds meer tijd 
steeds minder nuttige informatie te verschaffen. 
Uit respect voor de lokale bevolking zou de vakantieganger zich qua kleding redelij-
kerwijs moeten aanpassen aan het vakantieland. Het opkomend massatoerisme in 
afgelegen streken zal dit echter niet bevorderen. 
Met betrekking tot het draagcomfort van sokken is het onlogisch dat de naad van 
het teenstuk zich aan de binnenkant bevindt in plaats van aan de buitenkant. 
Niemand weet hoe laat het is, leef dus je leven als het allerlaatste uur ( Youp van 4 
Hek). 
Sabine Mulders, Nijmegen, 10 oktober 1997 
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